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INTRODUCTION 

Purpose o f  t h i s  Document 
I n  r ecen t  years,  t h e r e  has been i n c r e a s i n q  s c i e n t i f i c  and p u b l i c  concern 

t h a t  a i r b o r n e  p o l l u t a n t  chemicals m igh t  be causing some o f  t h e  v i s i b l e  i n j u r i e s  
and decreases i n  growth o f  f o r e s t s  t h a t  have been repo r ted  i n  var ious  p a r t s  o f  
No r th  America. Th i s  concern was f u r t h e r  s t imu la ted  by r e p o r t s  o f  widespread 
v i s i b l e  symptoms and increased mor ta l  i t y  o f  f o r e s t s  i n  c e n t r a l  Europe. Sul f u r  
d i ox i de ,  ozone, n i t r o g e n  ox ides and a c i d  depos i t i on  a re  a l l  suspected t o  be 
among t h e  a i r bo rne  p o l l u t a n t  chemicals t h a t  cou ld  be invo lved .  

One o f  t h e  major  o b j e c t i v e s  o f  c u r r e n t  f o r e s t r y  research i s  t o  determine 
i f  wet and d r y  d e p o s i t i o n  o f  a c i d i c  and a c i d i f y i n g  substances de r i ved  from 
sho r t -  and long-d is tance  t r a n s p o r t  o f  a i r bo rne  s u l f u r  and n i t r o g e n  oxides 
cou ld  account f o r  t h e  changes i n  t h e  c o n d i t i o n  o f  f o r e s t s  observed i n  t he  
eas te rn  Un i t ed  States.  These changes i n c l  ude decreased growth, increased 
v i s i b l e  symptoms o f  i n j u r y ,  and m o r t a l i t y  o f  h i gh -e leva t i on  s p r u c e - f i r  f o r e s t s ;  
increased v i s i b l e  i n j u r y  and m o r t a l i t y  o f  sugar maple and o t h e r  eas te rn  hard- 
wood f o r e s t s ;  and decreased r a d i a l  growth o f  southern p i n e  f o r e s t s  w i t hou t  
v i s i b l e  symptoms o f  i n j u r y .  Th i s  o b j e c t i v e  has i t  o r i g i n s  i n  t h e  p u b l i c  and 
s c i e n t i f i c  concern about " a c i d  r a i n .  " Ac id  depos i t i on  i s  known t o  be caus ing 
de t r imen ta l  e f f e c t s  i n  aqua t i c  ecosystems; however, conv inc ing  s c i e n t i f i c  
evidence t h a t  a c i d  d e p o s i t i o n  i s  a l s o  harming f o r e s t s  i s  l ack ing .  

The Fores t  Response Program (FRP) o f  t he  Nat iona l  Ac id  P r e c i p i t a t i o n  
Assessment Program (NAPAP) i s  a  major  in teragency e f f o r t  i n i t i a t e d  speci  f i c a l  l y  
t o  i n v e s t i g a t e  e f f e c t s  o f  a c i d i c  d e p o s i t i o n  and assoc ia ted  p o l l u t a n t s  on 
f o r e s t s  and f o r e s t  t r e e  species.  The Southern Commercial Fores t  Research 
Cooperat ive f unc t i ons  under t h i s  umbrel la.  Th is  document was conceived t o  
a s s i s t  t h e  Cooperat ive i n  r e s o l v i n g  quest ions r e l a t i n g  t o  t h e  p reva i  1  i n g  
s c i e n t i f i c  judgement t h a t  ozone and o t h e r  photochemical ox idan ts ,  e i t h e r  a lone 
o r  i n  combinat ion w i t h  a c i d  depos i t i on ,  a re  t h e  a i r bo rne  p o l l u t a n t  chemicals 
most l i k e l y  t o  a f f e c t  southern commercial f o r e s t s ,  eas te rn  hardwood f o r e s t s ,  
and p o s s i b l y  a l s o  eas te rn  s p r u c e - f i r  f o r e s t s ;  and t h e  p reva i  1  i n g  publ  i c  
pe rcep t i on  t h a t  emissions o f  s u l f u r  and n i t r o g e n  ox ides l ead ing  t o  increased 
d e p o s i t i o n  o f  a c i d i c  and a c i d i f y i n g  substances a re  t h e  a i  rborne p o l  1  u t a n t  
chemicals most l i k e l y  t o  adverse ly  a f f e c t  these same f o r e s t s .  

Approach 
The approach used i n  p repa r i ng  t h i s  document has been t o  develop a  . . 

c r i t i c a l  rev iew o f  pub l  i shed  s c i e n t i f i c  i n f o rma t i on  t h a t  i s  p e r t i n e n t  - t o  a  
s e r i e s  o f  s p e c i f i c  s c i e n t i f i c  and p o l i c y  quest ions suggested t o  us by leaders  
i n  t h e  Southern Commercial Fores t ,  Eastern Spruce-Fi r  and Eastern Hardwood 
Research Cooperat ives w i t h i n  t h e  Fo res t  ~espohse  Program o r  t h a t  we developed 
ourse lves.  Th is  document was begun i n  1986 and submi t ted d u r i n g  t h e  l a s t  h a l f  
o f  1988. The re fe rences  and i n f o r m a t i o n  used i n  t h i s  document, t he re fo re ,  
r e f l e c t  t h i s  t ime frame. No da ta  from the  Fores t  Response Program were y e t  
a v a i l a b l e  a l though many research p r o j e c t s  were underway. 

Th i s  document concentrates on t h e  e f f e c t s  o f  a i r bo rne  p o l l u t a n t  chemicals 
on t r e e s  and i n  f o r e s t  ecosystems o f  eas te rn  No r th  America by way o f  f o l i a g e -  
mediated response mechani sms. Many c o n t r o l  1  ed fumiga t ion  s tud ies  have exposed 
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seed l ings  i n  chambers t o  determine t h e  exposure-responses o f  a  v a r i e t y  o f  t r e e s  
t o  d i f f e r e n t  p o l l u t a n t  chemicals.  Wi th  t h e  excep t ion  o f  some o f  t h e  s t u d i e s  
d e a l i n g  w i t h  p h y s i o l o g i c a l  responses such as photosynthes is  and carbon a l l o c a -  
t i o n ,  t h e  au thors  have based t h e i r  statements on c u r r e n t l y  a v a i l a b l e  f i e l d  
data.  Th i s  document i s  be ing  pub l i shed  a t  t h e  p resen t  t ime because i t  p rov ides  
a summary o f  t h e  s t a t e  o f  knowledge o f  t h e  responses o f  f o r e s t  t r e e s  t o  above- 
ground chemical p o l l u t a n t  exposures and t h e  p o s s i b l e  f o r e s t  ecosystem e f f e c t s  
r e s u l t i n g  f rom them. Th i s  i n f o r m a t i o n  concern ing p o l l u t a n t  e f f e c t s  on t h e  
f o r e s t s  o f  eas te rn  No r th  American has n o t  been p r e v i o u s l y  presented i n  a  s i n g l e  
document. 

Though t h i s  document concentrates on t h e  responses o f  t r e e s  t o  exposure 
t o  a i  rborne chemical p o l  1  u t a n t s  e n t e r i n g  through t h e  1 eaves, t r e e s  a re  a1 so 
exposed through t h e  s o i l  and roo t s .  Exposures t o  a c i d  depos i t i on  and i t s  
s u l f a t e  and n i t r a t e  components v i a  s o i l  processes a re  discusssed i n  t h i s  
document o n l y  b r i e f l y .  B i n k l e y  and o the rs  (1989) have discussed i n  d e t a i l  t h e  
impact o f  a c i d  d e p o s i t i o n  on f o r e s t  s o i l s  i n  t h e  southeastern Un i t ed  States.  

Whenever poss ib l e ,  t h e  responses t o  each ques t ion  have been fo rmu la ted  
as s imple statments t h a t  c o n c i s e l y  p resen t  t h e  s c i e n t i f i c  understanding about 
t h e  quest ion.  Each statement i s  f o l l owed  by references from t h e  peer-reviewed 
s c i e n t i f i c  l i t e r a t u r e  from which t h e  statement was der ived,  except i n  those 
few i nstances where such peer-reviewed pub1 i c a t i o n s  were n o t  ava i  lab1  e. The 
au thors  have sought c r i t i c a l  rev iew o f  t h i s  document and each o f  i t s  component 
sec t i ons  by s c i e n t i s t s  whose knowledge and e x p e r t i s e  i s  g rea te r  than  ou r  own. 
Our hope i s  t h a t  t h i s  document wi  11 p rov ide  an understanding o f  t h e  p robab le  
r o l e  o f  a c i d  depos i t i on ,  photochemical ox idan ts ,  and o the r  a i r bo rne  s u l f u r -  
and n i t r ogen -de r i ved  p o l l u t a n t  chemicals i n  t h e  growth and development o f  
f o r e s t s  i n  eas te rn  No r th  America and w i l l  be o f  ass is tance  t o  t h e  Fo res t  
Response Program and o t h e r  d i v i s i o n s  o f  t h e  Na t i ona l  A c i d i c  P r e c i p i t a t i o n  
Assessment Porgram who a re  c u r r e n t y  develop ing a comprehensive assessment o f  
a i r  p o l l u t a n t  e f f e c t s  on f o r e s t  ecosystems. 

A i rborne  Chemicals o f  I n t e r e s t  
The a i r bo rne  chemicals addressed i n  t h i s  document a re  those known t o  be 

o r  presumed t o  be i n j u r i o u s  t o  f o r e s t  t r e e s  o r  ecosystems. Pr imary a i r  
p o l l u t a n t  chemicals a re  em i t t ed  as gases o r  o t h e r  v o l a t i l e  waste products  f rom 
mobi 1  e  o r  s t a t i o n a r y  sources d i  r e c t l y  i n t o  t h e  atmosphere where they  may be 
subsequent ly t ransformed chemica l l y  i n t o  secondary p o l l u t a n t s .  Ecosystems may 
be exposed t o  e i t h e r  p r imary  o r  secondary p o l l u t a n t s  o r  bo th  when depos i ted  
from t h e  atmosphere as gases and aerosols ,  and as bo th  d i sso l ved  and suspended 
substances i n  p r e c i p i t a t i o n ,  fog,  and c l oud  water.  Determinat ion o f  ecosystem 
exposure and response, t he re fo re ,  r equ i res  knowledge o f  t h e  source, chemical 
form, t r a n s p o r t  and depos i t i on  o f  t h e  p r imary  a i r bo rne  p o l  1  u tan t s  e m i t t e d  
i n t o  t h e  atmosphere. When p r imary  p o l  1  u tan t s  , are  conver ted i n t o  secondary 
p o l l u t a n t s ,  knowledge o f  t h e i r  t r a n s p o r t  and d e p o s i t i o n  a l s o  i s  requ i red .  
Concentrat ion,  res idence t ime i n  t h e  atmosphere and t ime o f  yea r  t h e  exposures 
occur  a re  a l s o  impor tan t  when de te rmin ing  t h e  e f f e c t s  o f  ecosystem exposure. 
The a i r bo rne  chemicals addressed i n  t h i s  document i n c l u d e  gases, aerosols ,  and 
bo th  d i sso l ved  and suspended substances i n  p r e c i p i t a t i o n .  The s p e c i f i c  
compounds o f  i n t e r e s t  inc lude :  



gaseous s u l f u r  d iox ide,  n i t r i c  oxide, and n i t rogen  d iox ide;  

.I aerosol s  and p r e c i p i t a t i o n  conta in ing  su l  f a t e ,  n i t r a t e ,  
ammonium, and hydrogen ions; 
gaseous ammonia and n i t r i c  a c i d  vapor; 

* gaseous ozone, hydrogen peroxide, peroxyacetyl  n i t r a t e  (PAN), 
peroxypropionyl n i t r a t e  (PPN), and o ther  photochemical oxidants. 

Organizat ion o f  the  Document 
Th is  paper i s  organized i n  f ou r  d i s t i n c t  chapters: 

Chapter 1 -- Execut ive Summary 

Chapter 2 -- Emissions o f  Airborne Su l fu r -  and Nitrogen-Derived 
Chemicals over North America 

Chapter 3 -- Chemical Exposure o f  Forests i n  Eastern North America 

Chapter 4 -- E f f e c t s  o f  Acid Deposit ion, Photochemical Oxidants, and 
Other Airborne Su l fu r -  and N i  trogen-Derived Pol 1  u tan t  
Chemicals on Forest Ecosystems. 

Chapters 2 t o  4 are organized around the  ser ies  o f  s p e c i f i c  s c i e n t i f i c  
quest ions about t he  r o l e  o f  a c i d  deposi t ion,  photochemical ox idants,  and o ther  
a i rborne sul  f u r -  and n i  t rogen-derived po l  1  u t a n t  chemical s  i n  the  fo res ts  o f  
eastern North America. These quest ions are designed t o  show the  poss ib le  
r e l a t i o n s h i p  between the  increas ing  emissions o f  a i rborne p o l l u t a n t  chemicals 
and t h e  e f f e c t s  observed i n  the  f o r e s t  ecosystems. 

These quest ions are covered i n  Chapter 2: 

What su l  f u r -  and n i  t rogen-contai  n i  ng compounds are emit ted i n t o  
the  atmosphere o f  eastern North America? 

- What are the  p r i n c i p a l  na tura l  and man-made sources o f  these 
compounds? 

I n  what amounts and chemical and phys ica l  forms are these 
compounds emi t ted  i n  var ious regions w i t h i n  North America? 

What temporal changes i n  emissions o f  s u l f u r -  and n i t rogen- 
der ived compounds have occurred dur ing  the  i n d u s t r i a l i z a t i o n  and 
e l e c t r i f i c a t i o n  o f  var ious regions w i t h i n  eastern North America? 

I n  what d i r e c t i o n s  and over what distances are major a i rborne 
n i t rogen and s u l f u r  compounds usua l l y  dispersed from t h e i r  
sources? 



* What chemical and phys i ca l  t rans fo rmat ions  o f  s u l f u r  and n i t r o -  
gen compounds and v o l a t i l e  o rgan ic  compounds occur d u r i n g  
t r a n s p o r t  f rom n a t u r a l  and man-made sources and depos i t i on  i n t o  
f o r e s t  ecosystems? 

These quest ions a re  covered i n  Chapter 3: 

* What i s  t h e  chemical exposure o f  f o r e s t s  i n  var ious  reg ions  o f  
eas te rn  Nor th  America? 

* I n  what chemical and phys i ca l  forms and by what phys i ca l  p ro -  
cesses a re  su l  f u r -  and n i  t rogen-der ived  p o l  1  u t a n t s  depos i ted  
i n t o  t h e  f o r e s t s  o f  eas te rn  No r th  America? 

What i s  t h e  e x t e n t  o f  geographical  and e l e v a t i o n a l  v a r i a t i o n  i n  
depos i t i on  o f  these compounds i n  var ious  types o f  f o r e s t s  across 
eas te rn  Nor th  America? 

- I n  what concen t ra t ions  and d u r i n g  what t imes o f  day and seasons 
o f  t h e  year  a re  these compounds deposi ted i n  f o r e s t  ecosystems? 

These quest ions a re  examined i n  Chapter 4: 

How do f o r e s t  ecosystems respond t o  changes i n  t h e  phys i ca l  and 
chemical c l ima te?  

* By what phys i ca l ,  chemical ,  and b i o l o g i c a l  processes a re  these 
compounds taken up by p l a n t s ,  and microorganisms i n  f o r e s t  
ecosystems, and what i n t e r a c t i o n s  e x i s t  among them? 

What i s  t h e  l i k e l i h o o d  t h a t  a c i d  depos i t i on  and o the r  a i r bo rne  
su l  f u r -  and n i  t rogen-der ived  chemical s  a f f e c t  t h e  f o r e s t s  o f  
eas te rn  Nor th  America through fo l iage-med ia ted  response 
mechanisms? 

a What i s  t h e  l i k e l i h o o d  t h a t  a i r bo rne  chemical p o l l u t a n t s  a f f e c t  
f o r e s t  ecosystems through so i l -med ia ted  response mechanisms? 

* What e f f e c t s  a re  a i r bo rne  chemical p o l l u t a n t  s t resses  hav ing on 
f o r e s t  ecosystems o f  eas te rn  Nor th  America? 





1. EXECUTIVE SUMMARY 

I. 1 I n t r o d u c t i o n  
Natu ra l  f o r e s t  ecosystems i n  t h e  Un i t ed  S ta tes  have been exposed t o  t o  

a i  rborne  p o l  1  u t a n t s  f o r  severa l  decades as i n d u s t r i  a1 i z a t i  on, e l  e c t r i  f i ca- 
t i o n ,  u r b a n i z a t i o n  and automotive t r a n s p o r t a t i o n  have increased. The chemical  
p o l l u t a n t  emissions assoc ia ted  w i t h  these sources have increased as t h e  number 
o f  sources increased. The e f f e c t s  on f o r e s t  t r e e s  o f  exposures t o  t h e  chemical  
emissions have n o t  been eva lua ted  o r  q u a n t i f i e d  except i n  Southern C a l i f o r n i a  
and on wh i t e  p i n e  i n  t h e  East.  Changes i n  t h e  c o n d i t i o n  o f  f o r e s t s  i n  va r i ous  
p a r t s  o f  eas te rn  No r th  America, however, have been observed. Decreased growth, 
dieback, and m o r t a l i t y  o f  c e r t a i n  t r e e  species have been repo r ted  f o r  h igh-  
e l e v a t i o n  f o r e s t  ecosystems from Maine, New Hampshire, Vermont and New York 
sou th  t o  No r th  Ca ro l i na  and Tennessee. Decreased growth i n  n a t u r a l  stands o f  
ye1 low p ines  i n  t h e  Piedmont o f  Georgia, and o f  Nor th  and South Ca ro l i na  has 
a l s o  been repor ted .  Dendroecological  s t ud ies  suggest t h a t  t h e  decreases i n  
growth o f  f o r e s t  t r ees  i n  t h e  eas te rn  Un i t ed  States began d u r i n g  t h e  1950 's  o r  
e a r l y  1960's.  The e x t e n t  o f  f o r e s t  d e c l i n e  and t h e  f a c t o r s  t h a t  p r e c i p i t a t e d  
them, however, a re  quest ions o f  cont roversy.  The problem i s  de te rmin ing  
causat ion.  Many hypotheses have been advanced as t o  t he  p o s s i b l e  cause o r  
causes (see t a b l e  1 and chapter  4). 

. Documentation o f  e f f e c t s  on f o r e s t  t r e e s  i s  l a c k i n g  p a r t i c u l a r l y  because 
t h e i  r s i z e  and perenn ia l  na tu re  a re  n o t  conducive t o  shor t - te rm man ipu la t i ve  
exper iments t h a t  make i n fe rence  o f  a  causal  r e l a t i o n s h i p  poss ib le .  A causal  
r e l a t i o n s h i p  may be i n f e r r e d  when t h e r e  i s  a  s t r ong  p a t t e r n  o f  cons is tency,  
responsiveness, and a proven b i o l o g i c a l  mechanism. Any two, o f  t h e  above t h r e e  
l i n k a g e  p a t t e r n s  may be s u f f i c i e n t  t o  i n f e r  cause i n  s imple systems, however, 
more compl i c a t e d  systems may r e q u i r e  a1 1 th ree .  To determine-cons is tency,  t h e  
symptoms o f  i n j u r y  o r  d i s f u n c t i o n  must be assoc ia ted  c o n s i s t e n t l y  w i t h  t h e  
presence o f  t h e  causal f a c t o r .  To determine mechanism, t h e  suspected cause 
must be r e l a t e d  t o  an observed e f f e c t  through one o r  more b i o l o g i c a l  processes. 
Responsiveness i s  t h e  most d i f f i c u l t  t o  prove i n  mature ecosystems as i t  
r e q u i r e s  development o f  an exposure-response r e l a t i o n s h i p  based on t h e  exposure 
o f  hea l t hy  t r e e s  t o  var ious  known concent ra t ions  o f  a i r bo rne  p o l l u t a n t s  under 
c o n t r o l l e d  c o n d i t i o n s  t h a t  s imu la te  those i n  t h e  f o r e s t  (see chapter  4). 

Responses o f  seedl ings exposed t o  known concent ra t ions  o f  a i r  p o l l u t a n t s  
under c o n t r o l l e d  c o n d i t i o n s  cannot be r e a d i l y  ex t rapo la ted  t o  mature t r e e s  
(see chapter  4). Responses o f  mature f o r e s t  t r e e s  t o  s t resses  r e s u l t i n g  f rom 
exposure t o  ambient a i r  p o l l u t a n t s  a re  d i f f i c u l t  t o  determine because t hey  a re  
u s u a l l y  s u b t l e  growth responses t h a t  a re  t h e  cumulat ive r e s u l t  o f  many years  
o f  m u l t i p l e  exposures. A l t e r e d  growth dynamics o f  t r e e s  over  t ime may, 
depending on t h e  s e v e r i t y  o f  t h e  response (e. g. , mor ta l  i ty,  1 oss i n  competi- 
t i veness ) ,  b r i n g  about changes i n  f o r e s t  community growth and development. 
Such s t r ess  responses can a l s o  be expected t o  be s t r o n g l y  i n f l uenced  by  s i t e  
va r i ab les ,  such as s o i l  chemist ry ,  t h e  developmental s t a t e  o f  t h e  stand, and by 
c l  i m a t i c  f a c t o r s  such as temperature and r a i n f a l l .  These f a c t o r s  have made i t  



Table 1. Some Hypotheses t o  Exp la i n  Fores t  Dec l ine  i n  Eastern Nor th  America 

Category Hypothesis 

Natu ra l  process Synchronous canopy dieback 
B i o t i c  pathogens 
Assorted a b i o t i c  s t r ess  agents 

Fores t  s tand  h i s t o r y  Landscape convers ion 
Fores t  management p r a c t i c e s  (e. g .  , genet i c  s tock)  
Fores t  f i r e  f requency and i n tens i  t y  

Anthropogenic s t r e s s  N i t r ogen  subsidy (e. g. , n i t r i c  a c i d  vapor, 
n i t r a t e  depos i t i on )  
D i r e c t  ozone e f f e c t s  (e.g. , i n h i b i t i o n  o f  

photosynthes is)  
I n d i r e c t  ozone e f f e c t s  (e. g. , leach ing)  
D i r e c t  e f f e c t s  o f  hydrogen i o n  depos i t i on  
I n d i r e c t  e f f e c t  o f  hydrogen i o n  depos i t i on  

(e. g. , r h i  zosphere a1 umi num t o x i c i t y )  
Depos i t ion  o f  s u l f u r  
Depos i t ion  o f  organics 
Depos i t ion  o f  m u l t i p l e  p o l l u t a n t s  

(wet and d r y  depos i t i on )  
Depos i t ion  o f  t r a c e  elements 
Ac id  c l oud  mo is tu re  

Mu1 t i p l e  f a c t o r s  S i t e - s p e c i f i c  combinat ion o f  assor ted  n a t u r a l  
processes, f o r e s t  s tand h i s t o r y ,  and anthropo- 
genic  s t r e s s  

Adapted from Tay lo r  and Norby (1985). 

d i f f i c u l t  t o  determine t h e  e f f e c t s  o f  a i r  p o l l u t a n t s  on f o r e s t  t r e e s  and on t h e  
ecosystems o f  which t hey  a re  a  p a r t  (see chapter  4). 

The f o l l o w i n g  i n f o r m a t i o n  exp la ins  t h e  purpose o f  t h i s  document and 
p resen ts  t h e  analyses and conc lus ions o f  t h e  authors  based on t h e  data 
a v a i l a b l e .  

1 .2  Purpose o f  Th i s  Document 
Th i s  document was developed t o  he lp  reso l ve  t h e  apparent c o n f l i c t  between: 

a) The p r e v a i l i n g  s c i e n t i f i c  judgment t h a t  ozone and o the r  photo- 
chemical ox idan ts ,  e i t h e r  alone o r  i n  combinat ion w i t h  a c i d  
depos i t i on ,  a re  t h e  a i  rborne p o l  1  u t a n t  chemical s  most 1  i k e l y  t o  
adverse ly  a f f e c t  southern commercial f o r e s t s ,  eas te rn  hardwood 
f o r e s t s ,  and p o s s i b l y  eas te rn  spruce- f  i r f o r e s t s  ; 

b)  t h e  p reva i  1 i n g  pub1 i c  pe rcep t i on  t h a t  emissions o f  s u l f u r  and 
n i t r o g e n  ox ides l ead ing  t o  increased d e p o s i t i o n  o f  a c i d i c  and 
a c i  d i  f y i  ng substances a re  t h e  a i  rborne chemical s  most 1  i k e l y  t o  
adverse ly  a f f e c t  these same f o r e s t s .  



1.3  Airborne Chemicals of Interest  
Forest ecosystem responses t o  s t resses ,  because they are the summation of 

multiple responses of individual organisms and the i r  interactions,  usually 
require a t  l ea s t  a generation (30-50 years) before t he i r  expression can be 
observed unless they are the resu l t  of a catastrophe. Therefore, determining 
the e f fec t s  of airborne pollutant chemicals on forest  ecosystems requires a 
knowledge of the sources, chemical composition and volume of emissions and 
whether these have changed over time. I t  also requires an understanding of 
the transformation, transport ,  atmospheric duration, deposition and uptake 
phenomena associated with the movement of airborne chemical pol 1 utants into  
leaves of forest  t rees .  Meteorological features of the te r ra in  on which 
fores t s  grow and time of year when exposures occur also are important factors  
when determining responses. 

For these reasons, the airborne chemicals addressed in t h i s  document 
include the primary and secondary pollutants tha t  are transferred from the 
atmosphere into forest  ecosystems in the form of gases and aerosols (dry 
deposition), and both di ssol ved and suspended substances in precipi ta t ion,  fog 
and cloud water (wet deposition). Primary pollutants are gases or other 
vo la t i l e  waste products emitted direct ly  from stationary or mobile sources. 
Secondary pollutants are formed in the atmosphere by chemical transformation 
of primary pol 1 utants. 

The three most important primary a i r  pollutants are sulfur  dioxide (SO ), 
nitrogen oxides (NO and NO), and vola t i l e  organic compounds (VOC). ~ma l  l g r  
amounts of gaseous immonia, sulfur ic  acid,  sulfa te  aerosol, and hydrochloric 
acid also are  emitted as primary pollutants (see chapter 2 ) .  

The most important secondary pol 1 utants i ncl ude two general cl asses of 
compounds -- photochemical oxidants and acid deposition. Photochemical 
oxidants include ozone ((I3), hydrogen peroxide (H202), peroxyacetyl n i t r a t e  
(PAN),  and peroxypropionyl n i t r a t e  (PPN). 

The constituents of acidic and acidifying deposition include 

gaseous sulfur  dioxide, nitrogen oxides, n i t r i c  acid,  and 
ammonia; 

f ine  and coarse aqueous aerosols containing sulfur ic  and n i t r i c  
acids and a l l  the major nutrient cations and anions including 
su l fa te ,  n i t r a t e ,  phosphate, chloride, potassium, sodium, 
magnesium, ammonium, and hydrogen ions; and 

precipitation and cloud water containing dissolved or suspended 
matter including a l l  of these major nutrient cations and anions 
-- su l fa te ,  n i t r a t e ,  phosphate, chloride, potassium, sodium, 
magnesium, ammonium, and hydrogen ions (see chapter 2 and 
chapter 3).  



1 . 4  Airborne Chemical Pollutant Exposure of Forests in Eastern North 
Amer i ca 

Forests cover more than 50 percent of the to ta l  land area of eastern 
North America. The average distance between major stationary sources and urban 
centers in the eastern United States i s  considerably less  than the average 
dai 1 y di stance (100-200 km) tha t  both primary and secondary pol 1 utants are  
transported. Thus, most forests  in eastern North America (with the exception 
of the most northerly portions of Ontario and Quebec) are  within the area 
where exposure t o  e i ther  primary and secondary pollutants or both could occur. 

Proximity to  pollutant sources i s  par t icular ly  important in determining 
the exposure of forests  t o  sulfur dioxide, nitrogen oxides and pollutant 
mixtures. Ozone, however, can be transported for  hundreds of miles and be 
enriched as the a i r  masses move over urban and other areas where additional 
ozone or i t s  precursors are present. Sulfates and n i t r a t e s ,  secondary pollut-  
ants formed from SO and NO , also may be transported long distances before 
they are deposited &to fores? ecosystems. 

With the possible exception of ozone and hydrogen peroxide, a1 1 of the 
primary and secondary airborne chemicals of in te res t  in t h i s  document, depending 
on circumstances, can have e i ther  stimul atory or inhibitory growth e f fec t s  on 
forests:  

- - stirnulatory effects  a t  low concentrations or loadings; and 

- - inhibitory effects  a t  high concentrations or loadings. Unfortunately, 
the demarcation between growth-stimulating and growth-inhibiting 
chemical exposures i s  not known for  most airborne pollutant chemicals 
(see chapter 3 ) .  

In characterizing the chemical exposure of forests  of eastern North 
America t o  atmospheric pollutants,  we found i t  useful t o  recognize five general 
types t ha t ,  because they d i f f e r  appreciably in proximity to  major sources of 
pol lutants ,  or are subject to  d i s t inc t ive  chemical meteorology, could d i f f e r  
s ignif icant ly  in terms of pollutant exposure. These types include the 
fol lowing: 

1) Urban forests  such as the 30,000 hectares of forest  land within 
the c i t y  l imits of Atlanta, GA.  Although urban forests  make up 
only a very small percentage of the to ta l  forest  area of eastern 
North America, these areas contain about 30 percent of the 
people of the United States and Canada and thus are of in te res t  
t o  many ci t izens  in both countries; 

2) Rural forests  near major point sources ( for  example, within 
approximately 30 km of a major power plant or metal smelter). 
We estimate tha t  these areas make up about 5 percent of the 
to ta l  forest  area of the eastern United States and southeastern 
Canada; 



3) Near-urban f o r e s t s  w i t h i n  about 50 km o f  major area sources o f  
p o l l u t i o n .  We es t imate  t h a t  these near-urban areas c o u l d  
i n c l u d e  as much as about 50 pe rcen t  o f  t h e  t o t a l  f o r e s t  area o f  
t h e  eas te rn  Un i t ed  S ta tes  and southeastern Canada; 

4) Rural  f o r e s t s  more than  about 50 km from major  urban areas o r  
o t h e r  l a r g e  area sources o f  p o l l u t i o n .  We es t imate  t h a t  these 
areas make up about 25-30 percen t  o f  t h e  t o t a l  f o r e s t  area o f  
t h e  eas te rn  Un i t ed  S ta tes  and southeastern Canada; 

5) High e l e v a t i o n  f o r e s t s  such as those on Mount M i t c h e l l  i n  No r th  
Ca ro l i na  o r  Whiteface Mountain i n  New York (see f i g .  3). We 
es t imate  t h a t  these areas make up l e s s  than  1 perc6nt o f  t h e  
t o t a l  f o r e s t  area o f  t h e  eas te rn  Un i ted  S ta tes  and southeastern 
Canada (see chapter  3). 

The exposure o f  h i gh -e leva t i on  f o r e s t s  (>1,000 meters above sea l e v e l )  t o  
p o l l u t a n t  chemicals i s  q u i t e  d i f f e r e n t  f rom t h a t  o f  low e l e v a t i o n  f o r e s t s .  The 
reasons f o r  t h i s  a re  l i s t e d  below. 

1) P r e c i p i t a t i o n  i n p u t s  a re  much g r e a t e r  than  a t  low e l e v a t i o n ;  

2) Cloud-water i n p u t s  a t  h i g h  e l eva t i ons  s i g n i f i c a n t l y  augment 
p r e e i p i t a L i o n  i n p u t s ;  

3) Concentrat ions o f  d i sso l ved  and suspended substances i n  f og  and 
c l o u d  water a re  t y p i c a l l y  6-10 t imes g r e a t e r  than i n  p r e c i p i t a -  
t i o n ;  

4) Ozone and hydrogen perox ide  concent ra t ions  increase d i r e c t l y  
w i t h  a l t i t u d e .  Maximum ozone concent ra t ions  observed a t  e l eva ted  
mountainous s i t e s  , as we1 1  as a t  many non-mountai nous r u r a l  and 
remote s i t e s ,  o f t e n  occur a t  n i g h t .  Th is  i s  p a r t i c u l a r l y  
impor tan t  f o r  species such as eas te rn  wh i t e  p i n e  whose stomata 
remain open a t  n i g h t  (see chapter  4). 

5) S i t e s  a t  h i ghe r  e l eva t i ons  a re  o f t e n  exposed t o  sus ta ined  o r  
m u l t i p l e  peak concent ra t ions  o f  ozone w i t h i n  a  g i ven  24-hour 
p e r i o d  as a  r e s u l t  o f  cond i t i ons  such as (a) t r a p p i n g  i nve rs i ons ;  
(b) t h e  successive t r a n s p o r t  o f  ozone from m u l t i p l e  urban 
sources upwind, e i t h e r  a l o f t  o r  across t e r r a i n  devoid o f  
s u f f i c i e n t  ozone scavengers; and (c) t h e  occurrence o f  mountain- 
v a l l e y  and upslope-downslope f lows ,  such t h a t  t h e  t r a j e c t o r y  o f  
an a i r  pa rce l  passes back over t h e  same f o r e s t  o r  stands o f  
t r e e s  (see chapter  4). 

6) Wind speeds a re  g r e a t e r  than a t  low e l e v a t i o n  and thus augment 
aerosol  impact ion ra tes ;  and 

7) Evaporat ion o f  f o g  and c l oud  water f u r t h e r  inc rease  t h e  concen- 
t r a t i o n s  o f  a i r bo rne  chemicals t o  which these f o r e s t s  a re  
exposed (see chapter  3). 



Tables 2 and 3  show t h e  range i n  amounts o f  t h e  va r i ous  p o l l u t a n t s  t o  
which f o r e s t s  o f  t h e  f i v e  types l i s t e d  above may be exposed i n  t h e  southeastern 
and nor theas te rn  S ta tes  o f  t h e  Un i t ed  S ta tes  and southeastern prov inces o f  
Canada (see chapter  3). 

In develop ing t h e  da ta  on chemical exposure o f  f o r e s t s  as summarized i n  
t a b l e s  2 and 3 and i n  drawing c e r t a i n  o f  t h e  General Conclusions 1  i s t e d  l a t e r  
i n  t h i s  Execut ive Summary, we have found i t  use fu l  t o  combine t h e  da ta  on 
chemical exposure o f  urba6 f o r e s t s  and r u r a l  f o r e s t s  near major  p o i n t  sources, 
and a l s o  t h e  da ta  on exDosure o f  near urban and r u r a l  f o res t s .  

I n  a d d i t i o n ,  analyses o f  da ta  on p o l l u t a n t  exposure i n d i c a t e  t h e  
f o l  l owi ng: 

1) Gaseous s u l f u r  d i o x i d e  r a r e l y  occurs i n  concen t ra t ions  s u f f i c i e n t  
t o  cause v i s i b l e  i n j u r y  t o  vege ta t i on  (50 t o  5,000 ppb f o r  
8  hours o r  500 t o  3,000- ppb f o r  1 hour) i n  - remote, - r u r a l ,  o r  
near-urban f o r e s t s  i n  eas te rn  Nor th  America. (The occurrence 
o f  v i  s i  b l  e  i n j u r y  does n o t  necessar i  l y  i nd i  ca te  t h a t  decreases 
i n  growth o r  s i g n i f i c a n t  changes i n  t h e  h e a l t h  o r  p r o d u c t i v i t y  
o f  whole f o r e s t  stands w i l l  occur) .  I n  h i gh -e leva t i on  f o r e s t s  
s u l f u r  d i o x i d e  concent ra t ions  a re  u s u a l l y  near t h e  l i m i t s  o f  
de tec t i on ,  I n j u r i o u s  concent ra t ions  do occur i n  some urban and 
i n  r u r a l  f o r e s t s  near major p o l l u t i o n  sources. Maximum con- 
c e n t r a t i o n s  o f  500 t o  1,000 ppb o r  even h igher  were measured 
near i n d u s t r i a l  sources f o r  severa l  days d u r j n g  t h e  1970 's  and 
e a r l y  1980 's  (see chapter  3). 

2) N i t r ogen  ox ides a re  r a r e l y ,  i f  ever,  found i n  concen t ra t ions  
s u f f i c i e n t  t o  cause v i s i b l e  i n j u r y  t o  vege ta t i on  (2,000 t o  
5,000 ppb f o r  8  hours o r  4,000 t o  8,000 ppb f o r  1 hour) i n  
eas te rn  No r th  America (see chapter  3). Th is  i s  t r u e  i n  p a r t  
because n i t r o g e n  ox ides a re  o f t e n  consumed i n  photochemical 
ox i dan t  format ion.  

33 Ozone occurs i n  concen t ra t ions  s u f f i c i e n t  t o  cause v i s i b l e  
i n j u r y  t o  vege ta t i on  i n  most o f  eas te rn  Nor th  America. For 
example, episodes l a s t i n g  from hours t o  weeks and exposing 
eas te rn  Nor th  America from t h e  Midwest t o  t h e  A t l a n t i c  Coast 
w i t h  concen t ra t ions  rang ing  from 60 t o  a  maximum o f  300 ppb have 
been repor ted .  The h ighes t  1-hour peak concent ra t ions  o f  ozone 
i n  t h e  eas te rn  Un i t ed  States occur i n  Mew England, t h e  mid- 
At1 a n t i c  S ta tes  and t h e  Gul f Coast. (Peak concent ra t ions  

) From 1981 t o  
1983, peak concent ra t ions  o f  170, 180, 250 and 280 ppb were 
repo r ted  f o r  Rale igh,  NC; Boston, MA; Newark, NJ; and Houston, 
TX, r e s p e c t i v e l y  (see chapter  3). 

4) Co-occurr ing and sequent ia l  exposure t o  s u l f u r  d i ox i de ,  n i t r o g e n  
oxides, and ozone have been i n v e s t i g a t e d  us ing  30 mon i t o r i ng  
s i t e s  i n  t h e  eas te rn  Un i t ed  States.  S u l f u r  d i o x i d e  and ozone 
co-occurred approx imate ly  30 percen t  o f  t h e  t ime. Sul f u r  
d i ox i de  and ozone co-occurred because ozone was f r e q u e n t l y  



Table 2. Typical  range o f  chemical exposure i n  f o r e s t s  i n  the  Southeastern 
Un i ted  States repor ted  i n  re fe reed pub l i ca t i ons  

Urban f o r e s t s  & 
Rural Forests 
Near Major Near-Urban & High-Elevat ion 

P o l l u t a n t  Chemical Sources Rural Forests Forests 

S u l f u r  d iox ide  (ppb) ~ 5 - 8 0 0  (5-200 

Ni t rogen oxides (ppb) (5-200 < 5- 100 

Photochemical Oxidants 

Ozone (ppb) (20-250 (20-200 

Hydrogen peroxide i n  
c loud water 
(pmol/L) 

Unknown Unknown 

N i t r i c  a c i d  (ppb) (1-10 t l - 5  

PAN (ppb) Not repor ted  Not repor ted  

PpN ( P P ~ )  Not repor ted Not repor ted 

Su l fa te  i o n  (kg/ha/yr): 
from s u l f u r  d iox ide  Unknown 
i n  p r e c i p i t a t i o n  10-20 
i n  c loud water - - 
i n  s u l f a t e  aerosol 10- 15  

N i t r a t e  i o n  (kg/ha/yr): 
from n i t rogen  oxides Unknown 
i n  p r e c i p i t a t i o n  5-15 
i n  c loud water - - 
i n  n i t r a t e  aerosol 5-15 

Ammonium i o n  (kg/ha/yr): 
from ammonia Unknown 
i n  p r e c i p i t a t i o n  1-2 
i n  cloud water - - 
i n  ammonium aerosol 1-2 

Hydrogen ions (g/ha/yr) : 
from HNO, & HC1 Unknown 
i n  p r e c i p i t a t i o n  100-200 
i n  c l  oud water - - 
i n  aerosol 100-200 

Unknown 
10-20 - - 

Unknown 
5- 10 
- - 

5- 10 

Unknown 
1-3 

Unknown 
100-200 - - 
100-200 

< 1- 3 

Mot repor ted  

Not repor ted  

Unknown 
10-20 
10- 15 
10- 15  

Unknown 
10-40 

5-20 
5- 10 

Unknown 
1-2 
1-2 
1-2 

Unknown 
300-400 
300-400 
300-400 



Table 3. Typical range of chemical exposure in  f o r e s t s  in the  Northeastern 
United S ta tes  and Southeastern Canada reported in  refereed publicat ions 

Urban Forests & 
Rural Forests 
Near Major Near-Urban & High-Elevation 

Pol lu tant  Chemical Sources Rural Forests Forests 

Primary Pollutants  (1-hr average values): 

Sulfur dioxide (ppb) t5-1,000 

Nitrogen oxides (ppb) (5-400 

Photochemical Oxidants (1-hr average values): 

Ozone (ppb) (20-200 

Hydrogen peroxide in  
cloud water 
(pmol /L) 

Unknown 

Ni t r i c  acid (ppb) (1-10 

PAN (ppb) Not reported 

PPN (ppb) Not reported 

Acidic and Acidifying Deposition: 

Sulfa te  ion (kg/ha/yr): 
from su l fu r  dioxide 
in  p rec ip i t a t ion  
i n  cloud water 
in  s u l f a t e  aerosol 

Unknown 
10-35 

Ni t ra te  ion (kg/ha/yr): 
from nitrogen oxides Unknown 
in  p rec ip i t a t ion  10-20 
in  cloud water - - 
in  n i t r a t e  aerosol 5-15 

Ammoni um i on (kg/ha/yr): 
from ammonia Unknown 
in  p rec ip i t a t ion  2-5 
in  cloud water - - 
in  ammonium aerosol 2- 5 

Hydrogen ions (g/ha/yr): 
from HNO, & HC1 Unknown 
in  p rec ip i t a t ion  400-600 
in  cloud water - - 
in  aerosol 400-600 

(20- 150 

Unknown 

(1-5 (1-3 

Not reported Not reported 

Not reported Not reported 

Unknown 
10-35 

Unknown 
10-15 - - 

5-10 

Unknown 
2-5 

Unknown 
400-600 

Unknown 
10-35 
10-20 
10-15 

Unknown 
10-40 
5-25 
5-15 

Unknown 
1- 2 
1- 2 
1- 2 

Un known 
400-600 
300-400 
400-600 



present  a t  concentrat ions greater  than 50 ppb, and concentra- 
t i o n s  o f  s u l f u r  d iox ide  greater  than 50 ppb occurred 
p e r i o d i c a l l y .  When SO concentrat ions were 30 ppb o r  lower, no 
co-occurrences were obzerved (see chapter 3). 

5) Exposure o f  f o r e s t s  o r  t h e i r  components t o  the  photochemical 
ox idants l i s t e d  below have no t  been studied, Con t ro l l ed  
experiments have shown t h a t  most woody p lan ts  are no t  s e n s i t i v e  
t o  PAN. 

Gaseous hydrogenperoxide;  
Hydrogen peroxide d isso lved i n  c loud water and p r e c i p i t a t i o n ;  . N i t r i c  ac id;  
PAN; and 
PPN. 

6) Exposure o f  f o r e s t  t rees  t o  gasesous chemical p o l l u t a n t  stresses, 
whether severe acute stresses o r  long-term chronic stresses 
occurs c h i e f l y  through the  stomata, the  same openings i n  leaves, 
needles o r  young shoots through which p l a n t s  exchange gases w i t h  
the  atmosphere dur ing  the  processes o f  photosynthesis,  resp i ra -  
t i o n  and t r a n s p i r a t i o n  (see chapter 4). 

7) Transfer  o f  gases from the  atmosphere t o  the  phys io log i ca l  s i t e s  
o f  a c t i o n  w i t h i n  the  l e a f  i n t e r i o r  invo lves  bo th  a  gas phase and 
a  l i q u i d  phase. The processes o f  depos i t ion  are the  c r u c i a l  
l i n k s  between the  t ranspor t  o f  atmospheric p o l l u t a n t s  t o  f o r e s t  
canopies, t h e i r  uptake by t rees  and the  man i fes ta t ion  o f  e f f e c t s  
Any f a c t o r  t h a t  in f luences p o l l u t a n t  depos i t ion  w i l l  change the  
r e l a t i o n s h i p  between the  concentrat ions o f  the  p o l l u t a n t  i n  t h e  
atmosphere and the  corresponding concentrat ion a t  the  s e n s i t i v e  
s i t e  w i t h i n  the  l e a f  c e l l s  (see chapter 4). 

8 )  Gases moving i n t o  the  l e a f  encounter concentrat ions o f  t ransp i red  
water vapor and a  v a r i e t y  o f  hydrocarbons, (e.g., terpenoids) 
t h a t  are produced w i t h i n  the  l e a f  i n  secondary metabolism, 
v o l a t i l i z e d  i n t o  the  gas phase o f  t he  l e a f  i n t e r i o r ,  and emit ted 
through the  stomata. These substance are more h i g h l y  concen- 
t r a t e d  w i t h i n  the  l e a f  boundary l a y e r  and may s i g n i f i c a n t l y  
a f f e c t  t he  sur face and uptake o f  gases and p a r t i c l e s  (see 
chapter 4). 

9) Stornatal con t ro l  o f  d i f f u s i o n  i n t o  the  l e a f  i s  a  major f a c t o r  
i n f l u e n c i n g  the  exchange o f  gaseous p o l l u t a n t s  between the  
atmosphere and i n t e r n a l  l e a f  t i ssues .  A l l  s tudies i n d i c a t e  t h a t  
stornatal res is tance i s  the  most dynamic and most i n f l u e n t i a l  
res is tance t o  t r a n s f e r  o f  gaseous ozone, s u l f u r  d iox ide  and 
n i t rogen  oxides when the  canopy i s  dry. Stomata1 func t i on ing  i s  
c o n t r o l l e d  by bo th  phys io log i ca l  and bioenvironmental processes 
(see chapter 4). 



1.5 
T o t a l  1  oadi  ng o f  s u l  f a t e ,  n i t r a t e ,  ammoni urn, and hydrogen ions  (amount 

deposi ted i n t o  a  f o r e s t  o r  aqua t i c  ecosystem) i s  t h e  r e s u l t  o f  wet and d r y  
depos i t ion .  The e f f e c t s  o f  these chemicals on vege ta t i on  and f o r e s t  ecosystems, 
regard less  o f  whether t hey  a re  added through a c i d  p r e c i p i t a t i o n  o r  i n  d r y  form, 
i s  c h i e f l y  through s o i l .  The so i l -med ia ted  responses o f  f o r e s t s  i n  t h e  
Southeast t o  a c i d  d e p o s i t i o n  a re  discussed i n  d e t a i l  by B i n k l e y  and o thers  
(1989) and are,  t h e r e f o r e ,  n o t  emphasized i n  t h i s  document. 

Evidence now accumulat ing suggests t h a t  t h e  a d d i t i o n  o f  n i t r a t e  and 
ammonium t o  t h e  s o i l  p l a y s  a  s i g n i f i c a n t  r o l e  i n  t h e  growth o f  f o r e s t  t rees .  
Concern has a r i s e n  rega rd ing  t h e  p o s s i b l e  e f f e c t s  on bo th  t e r r e s t r i a l  and 
aquat i c  ecosystems o f  these add i t i ons .  Attempts a re  be ing  made t o  determine 
a  ' c r i t i c a l  lbad. A c r i t i c a l  l oad  i s  de f i ned  as t h e  h i ghes t  l o a d  t h a t  w i l l  n o t  
cause chemical changes l ead ing  t o  long- term harmful  e f f e c t s  on t he  most 
s e n s i t i v e  ecosystems (see chapter  4). The d e f i n i t i o n  c a r r i e s  w i t h  i t  the  
n o t i o n  t h a t  t he re  i s  a  l oad  a t  which no long- term e f f e c t s  occur.  Th is  concept 
has been used i n  a t tempts t o  determine t h e  e f f e c t s  o f  s u l f a t e  and n i t r a t e  
depos i t i on  on ecosystems. Though t h e  e f f e c t s  o f  s u l f a t e  on aqua t i c  ecosystems 
have been s tud ied  f o r  many years,  c r i t i c a l  l oad ings  have n o t  been determined 
f o r  any o f  t h e  s u l f u r -  o r  n i t r ogen -de r i ved  c o n s t i t u e n t s  o f  a c i d  depos i t ion .  
Ce r ta i n  impor tan t  f a c t s  concerning t h e  e f f e c t s  o f  d e p o s i t i o n  i n t o  f o r e s t  
ecosystems are  l i s t e d  below. 

1) Exposure o f  f o r e s t s  i s  through wet and d r y  depos i t ion .  I n  
general ,  s u l f a t e  concen t ra t ions  a re  g r e a t e r  i n  summer than i n  
w in te r .  However, i n  a  broad band extending from New England 
southwestward a long  bo th  s ides o f  t h e  Applachian Mountains as 
f a r  western No r th  Caro l ina ,  t h e  r a t i o  o f  w i n t e r t i m e  t o  summer- 
t ime s u l f a t e  concen t ra t i on  i s  about two t o  one (see chapter  3). 

2) Wet depos i t i on  o f  s u l f a t e  and n i t r a t e  ions  i n  warm per iods  i s  
h i g h l y  ep isod ic .  About 50 t o  70 percen t  o f  t h e  t o t a l  annual 
depos i t i on  o f  s u l f a t e  and n i t r a t e ,  occurs i n  approx imate ly  
20 percen t  o f  t h e  t o t a l  days; however, n i t r a t e  depos i t i on  i s  n o t  
as seasonal ly  dependent. 

3) Ambient d e p o s i t i o n  o f  n i t r o g e n  i s  much g r e a t e r  i n  h igh-  than  i n  
low- e l e v a t i o n  f o r e s t s ,  t he re fo re ,  de t r imen ta l  e f f e c t s  o f  t o t a l  
n i t r o g e n  a re  more l i k e l y  i n  h i gh -e leva t i on  f o r e s t s  (chapter  3). 

4) Ambient d e p o s i t i o n  o f  a i  rborne su l  f u r  and n i t r o g e n  compounds 
( i n c l u d i n g  gases, aerosols ,  and d i sso l ved  and suspended sub- 
stances i n  p r e c i p i t a t i o n  and c l oud  water)  p rov ides  amounts o f  
n u t r i e n t  s u l f u r  and n i t r o g e n  t h a t  p robab ly  inc rease  growth o f  
f o r e s t  t r e e s  i n  r u r a l ,  near-urban, urban, and bo th  h igh-  and 
l ow-e leva t i on  f o r e s t s  i n  some p a r t s  o f  eas te rn  Nor th  America. 
Th is  i s  t r u e  because t h e  t o t a l  n u t r i e n t  i n p u t  from atmospheric 
sources o f  t h e  severa l  compounds i nvo l ved  p rov ides  an impor tan t  
p a r t  (10 t o  30 percent )  o f  t h e  annual ecosystem demand f o r  t o t a l  
n u t r i e n t  s u l f u r  and n i t r o g e n  (see chap te r  3 and chapter  4). 



5) The tota l  supply of airborne nutrient nitrogen includes the 
fol lowing compounds: gaseous nitrogen oxides + gaseous n i t r i c  
acid,  + gaseous ammonia; ammonium + n i t r a t e  aerosols; ammonium + 
n i t r a t e  ions in precipitation; and ammonium + n i t r a t e  ions in 
fog and cloud water; and possibly PAN and PPN. 

6) The tota l  supply of airborne nutrient sulfur  includes the 
following compounds: gaseous sulfur  dioxide + sulfuric-acid and 
su l fa te  aerosols + sulfate  ions in precipitation and fog and 
cloud water. 

7)  Present evidence i s  not suff ic ient  t o  accept or re jec t  any of 
the hypothetical mechanisms for  action of acid deposition on 
forest  t ree  growth by e i ther  foliage- or soil-mediated responses. 
Such evidence does suggest, however, tha t  d i rec t  injury to  
f o l i a r  organs by ambient acid deposition i s  much less l ikely 
than indirect  effects  mediated through interference with normal 
f o l i a r  and root nutrient uptake and leaching processes (see 
chapter 3 and chapter 4) .  

1 .6  General Goncl usions 

A t  ambient concentrations and rates  of deposition observed in 
the eastern United States ,  neither acid deposition in the form 
of aerosols nor in the form of dissolved or suspended substances 
in precipitation or cloud water have been shown to  induce acute 
detrimental e f fec t s  on forests  or crops via foliage-mediated 
response mechanisms. Deposition of sulfa te  and n i t r a t e  onto 
the soi l  during acid precipi ta t ion,  however, can affect  t r e e  
growth (see chapter 4) .  

2. The pH of the ambient precipitation (pH 4.0-6.0) in most of the 
eastern United States i s  substantially higher than the pH of 
simulated acid precipitation necessary to  induce vis ible  injury 
to  forest  t rees  or commercial crops (pH 2.0-3.5), with the 
exception of one cultivated variety of soybeans (see chapter 3 
and 4). 

3. Gases, f ine  and coarse aerosols (including fog and cloud water 
droplets) ,  and coarse par t iculate  matter are transferred into  
forests  by dry deposition processes. Dry deposition occurs 
under a l l  meteorological conditions, a t  a l l  times of the day and 
night, and in a l l  seasons of the year. Dry deposition i s  more 
d i f f i c u l t  to quantify than wet deposition (chapter 3).  

4. Toxic gases a t  ambient concentrations are  the only physical 
forms of ai  rbsrne pol 1  utant chemicals known t o  cause vi s i  b1 e 
symptoms of injury,  decreased growth, or mortal i  ty  of forest  
t rees .  Toxic gases enter plants mainly through leaf stomata. 

5. In eastern North America, sulfur  dioxide rarely occurs in high 
enough concentrations (above 50 ppb for 8 hours) to be injurious 
t o  forests  on a  broad regional scale.  In addition, in northern 



areas where r e s i d e n t i a l  and commercial space and water hea t i ng  
a re  major  sources, s u l f u r  d i o x i d e  concent ra t ions  a re  u s u a l l y  
h i ghe r  d u r i n g  t h e  w i n t e r  months when most t r e e s  a re  n o t  a c t i v e l y  
growing. 

6. S u l f u r  d i o x i d e  i n j u r y  t o  vege ta t ion  i s  found most f r e q u e n t l y  i n  
t h e  v i c i n i t y  o f  s t r ong  p o i n t  sources such as metal  smel ters  and 
power p l a n t s .  Vegeta t ion  exposure t o  p h y t o t o x i c  concen t ra t ions  
i n  these areas i s  u s u a l l y  o f  s h o r t  du ra t i on .  Except ions a re  
Wawa and Sudbury, Onta r io ,  T r a i  1, B r j t i s h  Columbia, and Copper 
H i l l  Bas in  near Ducktown, TN, where c a t a s t r o p h i c  emissions 
r e s u l t e d  i n  long- term i n j u r y .  (see chapters  3 and 4). 

. Based on long- term t rends  i n  emissions, i t  may be i n f e r r e d  t h a t  
s u l f u r  ( s u l f u r  d i o x i d e  and s u l f a t e )  load ings  o f  f o r e s t  ecosystems 
have remained r e l a t i v e l y  cons tan t  o r  decreased i n  t h e  nor th -  
eas te rn  Un i t ed  S ta tes  and southeastern Canada s i nce  t h e  1920is,  
b u t  have increased s t e a d i l y  i n  t h e  southeastern Un i t ed  States 
s ince  1940 's  (see chap te r  3). 

8. Gaseous n i t r o g e n  ox ides a t  ambient concen t ra t ions  (50 ppb) have 
n o t  been proven t o  cause v i s i b l e  i n j u r y ,  decreased growth, o r  
m o r t a l i t y  o f  e i t h e r  f o r e s t  t r e e s  o r  a g r i c u l t u r a l  crops a t  any 
l o c a t i o n  i n  No r th  America (see chapter  3  and 4). 

9. Gaseous ozone occurs i n  eas te rn  Nor th  America i n  concen t ra t ions  
s u f f i c i e n t  t o  cause f o l  i a r  i n j u r y ,  i n h i b i t  photosynthes is ,  a1 t e r  
carbon a l l o c a t i o n ,  and i n  t r e e  r o o t s ,  i n t e r f e r e  w i t h  mycor rh iza l  
format ion.  D i s r u p t i o n  o f  these impor tan t  p h y s i o l o g i c a l  and b i o -  
chemical processes can suppress t h e  growth o f  t r e e s ,  shrubs, 
and herbaceous vege ta t i on  by decreas ing t h e i r  capac i t y  t o  form 
carbon compounds and t h e i r  a b i l i t y  t o  absorb water  and needed 
n u t r i e n t s  f rom t h e  s o i l .  Ozone has been shown t o  cause f o l i a r  
i n j u r y ,  decreased photosynthes is  and reduced growth i n  a  number 
c o n i f e r  and hardwood species (see chapter  4). 

10. Ambient ozone concent ra t ions  between 40 and 70 ppb, o r  h igher ,  
f o r  1 t o  7  days d u r i n g  t h e  growing season have reduced t h e  
growth o f  s e n s i t i v e  vege ta t ion ,  i n t e r m e d i a t e l y - s e n s i t i v e  vegeta- 
t i o n  and some t o l e r a n t  vege ta t ion .  Growth o f  s e n s i t i v e  t r e e  
species has been reduced w i t h o u t  caus ing f o l i a r  i n j u r y .  Present 
evidence i s  n o t  s u f f i c i e n t ,  however, t o  determine i f  ozone i s  
caus ing economica l ly  s i g n i f i c a n t  i n j u r y  t o  t h e  h e a l t h  o r  
p r o d u c t i v i t y  o f  whole stands o f  eas te rn  wh i t e  p i ne ,  o the r  
eas te rn  c o n i f e r s  o r  hardwoods (see chapter  4). 

11. Emission t rends  da ta  i n d i c a t e  a  sharp inc rease  f o r  SOX and NOx 
beg inn ing  i n  t h e  l a t e  1940 's .  Ozone concent ra t ions ,  f u e l e d  by 
l a rge -sca le  NOx emissions t h a t  began d u r i n g  World War 11, 
undoubtably a l s o  increased i n  t h e  l a t e  1940 's  even though da ta  
i n d i c a t i n g  t h i s  does n o t  e x i s t .  C i r cums tan t i a l  evidence suggests 
t h a t  t h e  ecosystems o f  eas te rn  Nor th  America have been sub jec t  
t o  p h y t o t o x i c  ep i sod i c  ozone concent ra t ions ,  and s u l f a t e  and 
n i t r a t e  depos i t i on ,  f o r  a t  l e a s t  30, p o s s i b l y  40 years (see 
chapter  3 and 4). 



12. F i e l d  s tudies and observat ions support the  view t h a t  ozone has 
been a  important  gaseous p o l l u t a n t  i n  the  eastern Uni ted States 
f o r  many years. Vegetat ion i n j u r y  , r e s u l t i n g  ozone exposure 
was f i r s t  observed i n  New Jersey on many c u l t i v a t e d  crops, 
ornamentals and indigenous vegeta t ion  beginning i n  1944, though 
the  cause o f  the  i n j u r y  was no t  known u n t i l  1950 when Heggestad 
and Middleton repor ted  ozone i n j u r y  o f  tobacco (see chapter 4). 

I n  t he  19501s, t he  Uni ted States Forest  Service repor ted  
oxidant- induced i n j u r y  o f  eastern wh i te  p ine  on the  Cumberland 
Plateau o f  East Tennessee. However, a t  t h a t  t ime the  i n j u r y  was 
a t t r i b u t e d  t o  u n i d e n t i f i e d  atmospheric cons t i tuents .  Needle 
b l i g h t  (a lso  c a l l e d  emergence t i pbu rn )  o f  eastern wh i te  p ine ,  
the  r e s u l t  o f  acute and chronic  ox idant  exposure, was repor ted  
from West V i r g i n i a  and western North Caro l ina  i n  the  l a t e  1950's 
and e a r l y  1960's (see chapter 4). 

14. Data from studies made s ince 1976 i n d i c a t e  t h a t  ozone episodes 
i n  eastern North America are a  common phenomenon. Typical  
ozone episodes are associated w i t h  h igh  pressure systems t h a t  
o r i g i n a t e  i n  Canada and move south i n t o  the  Midwest enroute t o  
the  A t l a n t i c  Ocean and northward i n t o  New England. Other 
episodes t h a t  a f f e c t e d  the  e n t i r e  southeastern Uni ted States 
from western Texas northeastward through I l l i n o i s ,  and f i n a l l y  
eas t  t o  the  A t l a n t i c  Ocean have been associated w i t h  h igh  
pressure systems over the  Gu l f  o f  Mexico. I n  add i t i on ,  some 
episodes o r i g i n a t i n g  over New York C i t y  and moving westward t o  
Washington, DC, and Ph i lade lph ia  t o  P i t t sbu rgh  and south a1 ong 
the  Appalachian Mountains t o  the  Gu l f  Coast o f  F l o r i d a  have been 
associated w i t h  h igh  pressure systems over the  A t l a n t i c  Ocean 
(see chapter 3 and 4). 

15. Ozone i s  ephemeral. Un l ike  res idua ls  o f  s u l f u r  o r  n i t rogen  
oxides, f 1  uorides, heavy metal s, o r  radio-nucl  ides,  ozone o r  
i t s  by-products, are no t  s e l e c t i v e l y  re ta ined  o r  accumulated i n  
any p a r t i c u l a r  components o f  f o r e s t  ecosystems (see chapter 4). 

16. Ozone i s  a  r e l a t i v e l y  homogenous reg iona l  p o l l u t a n t ,  ( c h i e f l y  
due t o  the  sources o f  i t s  precursors and the  processes t h a t  
con t r i bu te  t o  i t s  formation).  I t  i s  t he  one gaseous a i rborne 
chemical which i s  capable o f  having exposed t o  phy to tox i c  
concentrat ions w i thout  l eav ing  a  permanent t race  the  e n t i r e  
eastern Uni ted States where v i s i b l e  i n j u r y  and growth reduct ions 
o f  f o r e s t  t rees ,  crops and o ther  vegetat ion have been observed. 
It i s  probably, there fore ,  t h a t  the  mu1 t i p l e  episodic ozone 
exposures have been a  source o f  major above-ground stresses on 
f o r e s t s  and o ther  vegeta t ion  f o r  many years (see chapter 3 and 
4). 

17. Experiments us ing s u l f u r i c  a c i d  aerosols suggest t h a t  exposure 
t o  a c i d  aerosols may predispose t rees  t o  i n j u r y  by ozone (see 
chapter 4). 



18. Mixtures o f  t o x i c  gases, f i n e  and coarse aerosols, and coarse 
p a r t i c u l a t e  mat te r  are known t o  occur occas iona l ly  i n  the  
atmosphere near major p o i n t  and area sources o f  p o l l u t i o n  -- 
i n  o r  near c i t i e s  o r  near power p lan ts  o r  metal smelters. 
But ac tua l  f i e l d  measurements i n d i c a t e  t h a t  co-occurrence o f  
phy to tox i c  concentrat ions o f  gaseous ozone, s u l f u r  d iox ide ,  o r  
n i t rogen  oxides i s  ra re .  Thus though present evidence i s  f a r  
from conclus ive,  the  r i s k s  t o  f o r e s t s  i n  eastern North America 
from mixtures o f  gaseous p o l l u t a n t s  and aerosols does no t  appear 
t o  be severe (see chapter 3 and 4). 

19. Hydrogen peroxide has been detected i n  c loud water c o l l e c t e d  i n  
h igh-e l  eva t ion  f o r e s t s  i n  eastern North America i n  concentra- 
t i o n s  t h a t  were s u f f i c i e n t  t o  exper imenta l ly  cause i n j u r y  t o  
spruce seedl ings i n  The Netherlands. Attempts i n  North American 
t o  demonstrated s imi  1  a r  i n j u r i o u s  e f f e c t s  a t  these same 
concentrat ions on spruce and p ine  seed1 ings have f a i l e d  t o  
conf i rm the  observat ions made i n  The Netherlands (chapter 3 and 
4) 

20. Tree growth i s  the  cu lminat ion  o f  many biochemical and 
phys io log i ca l  processes. V i r t u a l l y  every pe r tu rba t i on  o f  a  
p l a n t  community r e s u l t s  i n  s t ress  and a f f e c t s  the  performance 
and s u r i v i v a l  o f  i n d i v i d u a l  p lan ts .  The age o f  t he  t ree ,  the 
complex i n t e r a c t i o n s  among p o l l u t a n t  and na tu ra l  stresses 
combined w i t h  var ious environmental and genet ic  f a c t o r s  and the 
a c t i o n  these have on phys io log i ca l  and biochemical processes 
w i t h i n  the  t ree ,  determine the  impact t h a t  ambient chemical 
p o l l u t a n t s  have on growth (see chapter 4). 

21. Trees are perennia l  p lan ts .  Thus, they must cope w i t h  the  
cumulat ive e f f e c t s  o f  both shor t -  and 1  ong-term stresses 
encountered year a f t e r  year. They may respond t o  some stresses 
r a p i d l y  as, f o r  example, when needles o f  eastern whi te p ine  
e x h i b i t  v i s i b l e  i n j u r y  symptoms w i t h i n  days o f  exposure t o  
acute ozone concentrat ions. I n  many cases, however, response t o  
stresses i s  through d i f f e r e n t i a l  growth, r e s u l t i n g  from changes 
i n  carbon a l l o c a t i o n  over many years. Therefore, a t t r i b u t i n g  
growth reduct ions observed today t o  a i r  p o l l u t i o n  exposures t h a t  
began 30-50 years ago i s  d i f f i c u l t ,  because long-term data 
i n d i c a t i n g  the  presence o f  phy to tox i c  concentrat ions o f  a i rborne 
chemical p o l l u t a n t s  i s  l ack ing  (see chapter 3 and 4). 

22. Tree v i g o r  i s  extremely important  i n  determining the  response 
o f  t rees  t o  insec ts  and pathogens. S u l f u r  d iox ide  and ozone, by 
i n h i b i t i n g  photosynthesis and a l t e r i n g  carbon a l l o c a t i o n ,  can 
predispose t o  a t t a c k  by insec ts  (espec ia l l y  bark beet les)  and 
var ious fungal pathogens (especial  l y  r o o t  r o t t i n g  fung i ) .  

23. Changes w i t h i n  f o r e s t  ecosystems r e s u l t  from a l t e r e d  energy f l ow  
and n u t r i e n t  c y c l i n g  w i t h i n  the  f o r e s t  communities t h a t  compose 
them. These a1 t e r a t i o n s  begin w i t h  the  responses o f  i n d i v i d u a l  
t rees  t o  stresses. Stresses s u f f i c i e n t  t o  cause m o r t a l i t y ,  t o  



severe ly  a f t e r  growth p a t t e r n s ,  o r  t o  change t h e  a b i l i t y  o f  
t r e e s  t o  compete can s e t  t h e  stage f o r  ecosystem changes 
e s p e c i a l l y  i f  t hey  l e a d  t o  changes i n  species composi t ion (see 
chap te r  4). 

24. Mature f o r e s t  ecosystems ma in ta i n  themselves i n  an o s c i l l a t i n g  
steady s ta te .  Trees a re  con t i nuous l y  undergoing severe competi- 
t i o n  f o r  space, l i g h t ,  water,  and minera l  n u t r i e n t s .  Those 
t r e e s  most suscep t i b l e  t o  n a t u r a l  s t resses,  a re  e l im ina ted  more 
r a p i d l y  by a d d i t i o n a l  and severe p e r i o d i c  s t resses such as 
drought ,  f l o o d i n g ,  f i r e  and a t t acks  by i n s e c t s  o r  disease-causing 
organisms. Continuous e l i m i n a t i o n  o f  o l d  t r e e s  and those 
suscep t i b l e  t o  s t resses  u l t i m a t e l y  produces a  mature f o r e s t  w i t h  
t r e e s  and o the r  p l a n t  species capable o f  t o l e r a t i n g  t h e  competi- 
t i o n a l  s t resses.  Th i s  u s u a l l y  r e s u l t s  i n  changes i n  species 
composi t ion o f  t h e  ecosystem over  t ime. Unless they  a re  
c a t a s t r o p h i c  (e. g. , f i r e ,  f l o o d ,  o r  windstorm), t h e  e f f e c t s  o f  
n a t u r a l  s t resses  upon ecosystems a re  f r e q u e n t l y  d i f f i c u l t  t o  
determine (see chapter  4). 
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Figure 1. The emission, transport, transformation, and deposition subsys- 
tems. The atmospheric portion of biogeochemical cycling. (c = c is ethylene) 
Source: Heck (1 982). 



1) Gaseous s u l f u r  d i o x i d e  and n i t r o g e n  ox ides a re  t h e  most abundant 
s u l f u r  and n i t r o g e n  compounds em i t t ed  i n t o  t h e  atmosphere o f  
eas te rn  No r th  America from pr imary  sources ( t a b l e s  4 and 5) 
(U. S. Envi  ronmental P r o t e c t i o n  Agency 1982a, 1982b). 

2) S u l f u r  d i o x i d e  accounts f o r  about 90 percen t  o f  t h e  t o t a l  s u l f u r  
f rom man-made sources; t h e  balance c o n s i s t s  o f  va r i ous  s u l f a t e  
aeroso ls  ( t a b l e  4) (U. S. Environmental P r o t e c t i o n  Agency 1982a). 

Gaseous hydrogen s u l  f i de (H S) , carbonyl  s u l  f i de (COS) , carbon d i  su l  f i d e  
(CS ), and d imethy l  s u l f i d e  [(CH 5 S ]  comprise about 98 percen t  o f  t h e  a i r bo rne  
s u l f u r  compounds e m i t t e d  by n a t d r i l  sources ; a1 1  a re  reduced su l  f u r  compounds 
(Sze and KO 1980; Andreae and Raemdonck 1983). 

3) Gaseous n i t r o g e n  ox ides (NOx) and ammonia (NH3) a re  t h e  most 
abundant n i t r o g e n  compounds em i t t ed  i n t o  t h e  atmosphere o f  
eas te rn  No r th  America. N i t r i c  ox ide  (NO) and n i t r o g e n  d iox ide  
(NO2) make up about 96 percen t  o f  t o t a l  emissions from man-made 
sources. N i t r i c  ox ide  i s  so q u i c k l y  o x i d i z e d  t o  NO2 i n  t he  
atmosphere t h a t  i t  can be assumed f o r  most b i o l o g i c a l  purposes 
t h a t  a l l  n i t r o g e n  ox ides a re  NO ( t a b l e  5) (U. S. Environmental 
P r o t e c t i o n  Agency 1982b). Ammon a (NH3) makes up almost a1 1 o f  
t he  remain ing 4 percen t  o f  man-made n i t r o g e n  compounds em i t t ed  
i n t o  t h e  atmosphere. 

Other n i t r o g e n  compounds i n c l  ud i  ng n i t r o u s  ox ide  (N20) and ami nes 
(-NH2) a re  e m i t t e d  by man-made sources, b u t  i n  r e l a t i v e l y  sma l le r  
amounts (U. S. Envi ronmental P r o t e c t i o n  Agency 1982b). 

N i t r o u s  ox ide,  n i t r i c  ox ide,  and ammonia comprise a lmost  a l l  t h e  a i r bo rne  
n i t r o g e n  compounds em i t t ed  by n a t u r a l  sources (U. S. Environmental P r o t e c t i o n  
Agency 1982b). 

1) Sul f u r  compounds: 

The major n a t u r a l  source o f  a i r bo rne  SO, (98 percen t )  i n  
eas te rn  No r th  America i s  t h e  atmospheric o x i d a t i o n  o f  
reduced s u l f u r  compounds. The reduced s u l f u r  compounds o f  
g r e a t e s t  importance a re  hydrogen s u l  f i d e  (H2S), carbonyl  
s u l f i d e  (COS), d imethy l  s u l f i d e  [(CH3),S], d imethy l  d i s u l -  
f i d e  [(CH3),S, J ,  and carbon d i s u l f i d e  (CS2) ( t a b l e  4). 
These compounds a re  found i n  sea spray and a re  a l s o  
produced by decomposit ion o f  o rgan ic  ma t te r  by s o i l  and 



Table 4. Airborne s u l f u r  compounds and t h e i r  sources i n  eastern North America 

Compound Formula Source Date Reference 

Hydrogen su l  f i d e  W2S b iogenic v i a  1981 Aneja and o thers  
1982 
A1 t shu l  1 e r  and 
L i  n t h u r s t  1984 

Dimethyl s u l f i d e  (CH3)2S m ic rob ia l  process 1981 A1 t shu l  l e r  and 
L i  n t h u r s t  1984 

Dimethyl s u l f i d e  (CH3)2S mic rob ia l  process 1982 A1 t shu l  l e r  and 
L i  n t h u r s t  1984 

Carbonyl s u l  f i d e  COS m ic rob ia l  process 1982 A1 t shu l  l e r  and 
L i  n t h u r s t  1984 

Carbon d i s u l f i d e  c s 2  m ic rob ia l  process 1982 A1 t shu l  l e r  and 
L i  n t h u r s t  1984 

Methyl mercaptan CH3SH mic rob ia l  process 1982 A1 t shu l  1  e r  and 
i i  n t h u r s t  1984 

S u l f u r  oxides: Sox f o s s i l  f u e l  
(gas phase) combustion 

Sul f u r  monoxide SO f o s s i l  f u e l  
combustion 

S u l f u r  d iox ide  soz f o s s i l  f u e l  
combustion 

1982 U. S. Environmental 
P ro tec t i on  Agency 
1982a 

1982 U. S. Environmental 
P ro tec t i on  Agency 
1982a 

1982 U. S. Envi ronmental I 
P ro tec t i on  Agency 
1982a 

Su l fu r  t r i o x i d e  so3 f o s s i l  f u e l  1982 U. S. Environmental 
combustion and P ro tec t i on  Agency 
atmospheric reac t ions  1982a I 

B 

D isu l  f u r  monoxide 520 f o s s i l  f u e l  
combustion 

1982 U. S. Environmental 
P ro tec t i on  Agency 
1982a 

Su l fa te  (pr imary ld S042- f o s s i l  f u e l  1984 A1 t shu l  l e r  and 
combustion L i n t h u r s t  1984 

a  Nearly 100 percent o f  aerosol s u l f u r  i s  i n  the  form o f  su l f a te .  



Table 5. Ni trogen-contai ni ng compounds and thei r sources 

Compound Formula Source Date Reference 

Nitrogen oxides Nox biogenic; anthropogenic 

Nitric oxide NO small amounts o f  micro- 1976 Soderlund & Svenson 
bial dentrification 1976 

A1 tshul 1 er and 
Li nthurst 1984 

fossil fuel 
combustion 

Nitrogen di oxide NO2 fossil fuel 
combustion; and 
oxidation of NO 

1946 U.S. Environmental 
Protection Agency 
1982b 

1982 U. S. Environmental 
Protection Agency 
1982 b 

Nitrous oxide NzO mainly microbial 1972 A1 exander 1977 
deni tri fication U.S. Environmental 
but some microbial Protection Agency 
nitrification 1982b 

Ammonia 

Ammon i urn 

NH3 microbial and insect 1982 U. S. Envi ronmental 
associated micro- Protection Agency 
bial deami nation and 1982b 
ammoni fication; Altshul ler and 
fertilizers; and Li nthurst 1984 
feedlots 

NH4+ biogenic; atmospheric 1982 A1 tshul ler and 
Li nthurst 1984 
U. S. Environmental 
Protection Agency 
1982b 
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t o t a l  o f  a l l  v o l a t i l e  sources o f  n i t r o g e n  compounds i n  
eas te rn  Nor th  America b u t  have been unable t o  l o c a t e  
pub l i shed  da ta  e i t h e r  t o  suppor t  o r  r e f u t e  t h i s  judgment. 

d) Man-made emissions o f  n i t r o g e n  compounds a re  about 10 t imes 
l a r g e r  than  emissions from a l l  naLural  sources i n  eas te rn  
No r th  America (U. S. Envi ronmental P r o t e c t i o n  Agency 1982b). 

1) Each year  about 25 m i l l i o n  tons o f  gaseous s u l f u r  d i ox i de ,  
about 23 m i l l i o n  tons  o f  gaseous n i t r o g e n  ox ides,  and about 
3.7 m i l l i o n  tons o f  gaseous ammonia a re  em i t t ed  from man-made 
sources i n t o  t h e  atmosphere over  No r th  America (Husar 1986; 
Husar and Holloway 1983; Husar and Pat te rson  1980). 

2) About 75 percen t  o f  these emissions occur i n  t h e  eas te rn  and 
o n l y  about 25 percen t  occur i n  t h e  western p a r t s  o f  t h e  c o n t i -  
nent  ( us i ng  as demarcation a  l i n e  runn ing  from t h e  Texas- 
Louis iana border  t o  Manitoba i n  Canada) (Husar and Hol loway 
1983). 

3) The va r i ous  s t a t e s  o f  t h e  Un i t ed  S ta tes  and t h e  p rov inces  o f  
Canada d i f f e r  markedly i n  emissions o f  bo th  s u l f u r  and n i t r o g e n  
ox ides (see f i g s .  2  and 3) (Na t iona l  Research Counci l  1983). 
The t o t a l  emissions by reg ion  f o r  t h e  year  1980 a re  shown i n  
t a b l e  6  (Nat iona l  Research Counci l  1983). 

4) Emissions o f  s u l f u r  ox ides i n  most reg ions ,  S ta tes ,  and 
p rov inces  o f  eas te rn  No r th  America range from about one t o  t h ree  
t imes those o f  n i t r o g e n  oxidesl  I n  t h e  S ta tes  o f  Texas, 
Louis iana,  Vermont, Connect icut ,  Rhode I s l a n d  and New Jersey, 
however, emissions o f  n i t r o g e n  ox ides exceed those o f  s u l f u r  
d i ox i de .  But  t h e  reg ions,  States,  and p rov inces  w i t h  h i gh  ( o r  
low) s u l f u r  d i o x i d e  emissions u s u a l l y  a re  a l s o  h i g h  ( o r  low) i n  
emissions o f  n i t r o g e n  oxides (compare f i g s .  2 and 3) (Nat ional  
Research Counci l 1983). 

2.5 

I n  our  a n a l y s i s  o f  r eg iona l  emissions t rends ,  we found i t  convenient t o  
f o l  low Husar? (1986) l ead  and d i v i d e  eas te rn  No r th  America i n t o  southeastern 
Canada and t h e  nor theas te rn ,  upper and lower  midwestern, and southern p o r t i o n s  
o f  t h e  Un i t ed  S ta tes  ( f i g .  4). 

1) From 1880 t o  1980, t o t a l  man-made emissions o f  s u l f u r  d i o x i d e  i n  
eas te rn  No r th  America increased from about 2  m i  11 i o n  t o  t h e  
p resen t  30 m i l l i o n  tons  per  year  ( f i g .  5a), w h i l e  t o t a l  man-made 
emissions o f  n i t r o g e n  ox ides increased from about 1 m i l l i o n  t o  
t h e  p resen t  23 m i l  1  i o n  tons p e r  yea r  ( f i g .  6a) (Husar 1986). 



Figure 2. Representative values of SO, emissions in the United States 
and Canada in 1980 (thousands of metric tons). 
Source: National Research Council (1 983). 



Figure 3. Representative values of NOx emissions in the United States 
and Canada in 1980 (thousands of metric tons). 
Source: National Research Council (1 983). 



Table 6. Distribution of man-made emissions of sulfur and nitrogen compounds 

in eastern North America 

Sulfur Compounds 
Netric 

Nitroaen Com~ounds 
Metric 

Source Region Tons Percent Source Region Tons Percent 

Total Emissions: 

Eastern Canada 3,271 14 Eastern Canada 1,023 7 

Northeast U. S. 3,932 16 Northeast U. S. 2,731 17 

Midwest U. S. 8,671 36 Midwest U .  S. 4,803 30 

Southern U. S. 8,319 34 Southern U. S. 7,276 46 

TOTAL 24,193 100 TOTAL 15,833 100 

Emi ssions Density (metric tons per hectare): 

Eastern Canada 1.2  x l0 I5  
Northeast U. S. 8.5 x 
Midwest U. S. 7.3 x l o _ 5  
Southern U. S. 5.0 x 10 

Eastern Canada 0.31 x l o m 5  
Northeast U.S. 5.8 x l o w 5  
Midwest U. S. 3.9 x l o m 5  
Southern U. S. 3.5 x 10 

Source: National Research Council (1983). 

Total man-made emissions of sulfur  dioxide in eastern North 
America rose rapidly between 1880 and 1920, reached about 
20 million tons per year in the early 1920ts,  then increased 
again about 50 percent, reaching 30 million tons per year by 
1970, a f t e r  which there was about a 15 percent decrease to  about 
25 mi 11 ion tons per year,  due mainly to  increased use of low 
sulfur fuels (see f ig .  5a) (Gschwandtner and others 1986; Husar 
1986; National Research Council 1986). 

3) These several subregions of eastern North America have differed 
greatly in temporal patterns of change in man-made emissions of 
sulfur  and nitrogen oxides (see f igs .  5 and 6,  which show 
emissions of sulfur  per se rather than of sulfur dioxide; please 
note tha t  1 ton of sulfur  equals approximately 2 tons of 
sul fa te ) .  

For example, with regard to  sulfur  emissions: 

a) In southeastern Canada (Region A), emissions of sulfur  
dioxide rose from negligible in 1880 to  about 2 million 
tons per year in the 1930Ls,  further rose t o  about 
8 million tons per year in the mid 1970Ls, and decreased t o  
about 4 mi 11 ion tons per year by 1980 ( f ig .  5b) (Husar 
1986). 



Figure 4. Regions in eastern North America selected for the study of regional 
trends in emissions. 

Source: Husar (1 986). 

Region 

A (Eastern Canada): Eastern Ontario, New Brunswick, Southern Quebec 

B (Northeastern U.S): Connecticut, Delaware, Maine, Maryland, Massachusetts, 
New Hampshire, New Jersey, New York, Pennsylvania, 
Rhode Island, Vermont 

C (Southeastern U.S.): Alabama, Arkansas, Florida, Georgia, Kentucky, Louisiana, 
Mississippi, North Carolina, South Carolina, Tennessee, 
Virginia, West Virginia 

D (Lower Midwest): Illinois, Indiana, Michigan, Missouri, Ohio 

E (Upper Midwest): Iowa, Minnesota, Wisconsin 

F (Western U.S.): All states in the contiguous U.S. not included in Regions B to E 
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Figure 5. Regional sulfur emission trend estimates for (a) eastern North 
America (the aggregate of Regions A, B, C, D, and E); (b) Region A; (c) 
Region 6; (d) Region C; (e) Region D; (f) Region E. (SO, = tons sulfur 
multiplied by 2). (Shading indicates range of uncertainty.) 
Source: Husar (1 986). 
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Figure 6. (a) Trends in emissions of nitrogen oxides in the Eastern 
United States (the aggregate of region 6, C, D, and E); (b) Region B: 
densities of regions north (Regions B, D, and E) and south (Region C) of 
the Ohio River. (Shading indicates range of uncertainty.) 

Source: Husar (1 986). 



b) I n  the  Northeastern Uni ted States (Region 6), emissions o f  
s u l f u r  d iox ide  rose from n e g l i g i b l e  i n  1880 t o  about 
6  m i  11 i o n  tons per  year i n  the  19201s, and have remained 
between 4 and 6  m i  11 i o n  tons per  year  s ince t h a t  t ime. As 
i n  southeastern Canada, emissions decreased from about 6 t o  
about 4 m i l l i o n  tons per  year between 1970 and 1980 
( f i g ,  5c) (Husar 1986). 

c) I n  the  Southern Uni ted States (Region C ) ,  emissions o f  
s u l f u r  d iox ide  rose from n e g l i g i b l e  i n  1880 t o  near ly  
4 m i l  l i o n  tons per  year i n  the  1920fs,  remained a t  about 
4 m i l l  i o n  tons per  year  u n t i l  the  mid 19601s, and then 
f u r t h e r  rose t o  about 8  m i l l i o n  tons per  year  by 1980 
( f i g .  5d) (Husar 1986). 

d) I n  the  lower Midwest (Region D) ,  emissions o f  s u l f u r  
d iox ide  rose from n e g l i g i b l e  i n  1880 t o  about 3 and a  h a l f  
m i l  l i o n  tons per  year i n  the  e a r l y  19201s, va r i ed  between 4 
and 6 m i l l i o n  tons per  year u n t i l  about 1970, and decreased 
t o  about 4 m i l l i o n  tons per  year  by 1980 ( f i g .  5e) (Husar 
1986). 

e )  I n  the  upper Midwest (Region E) ,  emissions o f  s u l f u r  
d iox ide  remained below 2  m i l l i o n  tons per  year from 1880 t o  
1980 ( f i g .  5 f )  (Husar 1986). 

S i m i l a r l y ,  w i t h  regard t o  n i t rogen  oxide emissions: 

a) I n  the  Northeastern and lower Midwestern Uni ted States 
(Regions 6  and D),  n i t r ogen  oxide emissions rose s t e a d i l y  
from n e g l i g i b l e  between 1880 and 1900 t o  about 4 m i l l i o n  
tons per  year i n  1970 and then decreased s l i g h t l y  by 1980 
( f i g s .  6b and 6d) (Husar 1986). 

b) I n  t he  upper Midwest (Region E),  n i t r ogen  oxide emissions 
rose s t e a d i l y  from 1900 t o  1980, bu t  even then reached on l y  
about 1 m i  11 i o n  tons per  year ( f i g .  6e) (Husar 1986). 

c) I n  the  Southern Uni ted States (Region C ) ,  emissions o f  
n i t rogen  oxides remained below 0.5 m i l l i o n  tons per  year  
u n t i l  the  1920s, bu t  then rose near ly  exponent ia l l y  t o  5  t o  
8  m i l l i o n  tons per  year by 1980 ( f i g .  6c) (Husar 1986). 

4) I n  North America as a whole, t o t a l  man-made emissions o f  n i t r o -  
gen oxides rose s lowly  from 1880 t o  1920, reached about 10 
m i l l i o n  tons per  year i n  the  mid 1 9 5 0 9 ,  and 20 m i l l i o n  tons per  
year  i n  the  e a r l y  1980's ( f i g .  6a) (Husar 1986). This upward 
t rend  i s  p r i m a r i l y  the  r e s u l t  o f  increased use o f  coal ,  gaso- 
l i n e ,  d iese l  f u e l ,  and na tu ra l  gas ( f i g .  7) (Gschwandtner and 
others 1986). 
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Figure 7. Overall trend in NOx emissions from 1900 to 1980 for the 
United States and by fuel type for each study year. 
Source: Gschwandtner and others (1 986). 



5) The increase in to ta l  SO2 emissions caused by the e l e c t r i f i -  
cation o f  North American society between 1940 and 1980 i s  about 
four times greater than tha t  caused by the industrial  izaticn of 
North American society between 1880 and 1980 (ARshuller and  
t in thurs t  1984). In f a c t ,  industrial  emissions of sulfur  
dioxide in the United States decreased from about 7 ml"lfion 
tons per year -in the l a t e  1920's to about  4 million t o n s  per 
year in the mid 1950's t o  1980; by contras t ,  e l ec t r i c  u t i l i t y  
emissions increased from about 3 million tons per year in the 
early 1340% to  about 18 mi 11  ion tons per year since 1970 
( f i g .  8) (Gschwandtner and others 1986; Husar and Wo1 loway 
1983). 

6 )  Total man-made emissions of sulfur dioxide in North America are  
predicted to  remain between 24 and 30 million tons per year for  
the next 50 years ( f ig .  9)  (U. S. Congress 1984; U. S. Environ- 
mental Protection Agency 1984). 

7 )  Total man-made emissions of nitrogen oxides in North America are 
predicted to  continue to  increase from about 20 million tons per 
year t o  between 22 and 32 million tons per year during the next 
50 years ( f ig .  9 )  (U.S. Congress 1984; U.S.  Environmental 
Protection Agency 1984). 

1 )  Once emitted, sulfur  and nitrogen compounds are carried wherever 
the wind blows (National Research Council 1983, 1386). 

The average zone of influence of any par t icular  emission source 
extends in a1 l directions from the source, and i s  roughly 
symmetrical--wi t h  the center of the deposition f i e ld  general 1 y 
displaced from the source by a distance of only a few tens or 
perhaps hundreds of km, Thus, a i r  pollutants generally have 
the i r  greatest  effects  within a few hundred km from the i r  source 
of emission (Bolin and others 1971; National Research Council 
1983, 1986). 

3) The concentration and deposition of primary a i r  pollutants 
decreases progressively with increasing distance and t i m e  afLer 
emission from any source (Altshuller and Linthurst 1984). 

4)  The concentration and deposition of secondary pollutants i s  a 
complex function o f  meteorological, seasonal, a l t i t ud ina l ,  
temporal, geographical, and other factors (National Research 
Gounci 1 %983). 

5)  The elapsed time between emission and deposition varies w i t h  t h e  
airborne pollutant chemical in question b u t  ordinarily ranges 
from a few minutes o r  hours Lo a maximum of about  5 days for  
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Figure 8. Overall trend in SO, emissions from 1900 to 1980 for the 
United States and by source category for each study year. 
Source: Gschwandtner and others (1 986). 



Year 

Figure 9. Sulfur dioxide and nitrogen oxides emissions trends-national totals, 
1 900-2030. The graph above displays estimates of historical emissions, and projec- 
tions of future emissions of sulfur dioxide and nitrogen oxides. Pre-1940 estimates and 
post-1 990 projections are subject to considerable uncertainty. Projections of future 
emissions incorporate a wide range of assumptions about future economic growth, 
energy mix, and retirement of existing facilities; they assume no change in current air 
pollution laws and regulations. 

Source: U.S. Congress (1984). 



sulfur  dioxide and abou t  4 days for nitrogen oxides and ammonia 
(Husar and Holloway 1983; National Research Council 1983; U.S.  
Environmental Protection Agency 1982a, 1982b). 

6) These intervals  are suff ic ient  for  dispersal over both short 
distances (0 to  500 km) and long distances (>500 km) (National 
Research Council 19831, 

7) Short-distance transport i s  favored by low wind speeds, stable 
atmospheric condi t i  ons , and mountai nous t e r r a i  n. Long-di stance 
transport  i s  favored by high wind speeds over f l a t  t e r ra in  and 
unstable atmospheric conditions (National Research Council, 
1983, 1986). 

8)  The distance pollutants travel also depends on the height a t  
which they are  emitted into the atmosphere. Generally, the 
l ifetime of sulfur  and nitrogen compounds in the atmosphere i s  
increased somewhat by the height a t  which they are emitted. 
Very t a l l  stacks (>250 meters) f a c i l i t a t e  transport over 
1 ,000  km (U. S .  Environmental Protection Agency 1982b). 

1 )  During transport ,  some o f  the gaseous sulfur  dioxide, nitrogen 
oxides, and ammonia i s  transformed both chemically and physi- 
cal ly into a complex mixture of gases, f ine  aerosol par t ic les ,  
coarse par t ic les ,  and dissolved and suspended substances in 
ra in ,  snow, dew, ha i l ,  fog, cloud water, and rime ice 
(Altshuller and Linthurst 1984; National Research Council 1983). 

2) The predomi nant chemical reactions occurri ng duri ng transport 
through the atmosphere are shown in f igs .  10 and 11 and may be 
summarized as fol lows (A1 tshul l e r  and Linthurst 1984; National 
Research Counci 1 1983) 

a) Gaseous sulfur  dioxide (SO,)  i s  further oxidized by 
airborne hydroxyl radicals (OH* ) t o  sul f i t e  ion ( S O 3 - ) ,  
which in turn reacts very rapidly with water or airborne 
par t ic les ,  producing H,SO, or su l fa te  par t ic les  such as 
ammonium sulfate  [(NH4)2S04]. 

b) Gaseous n i t r i c  oxide ( N O )  i s  quickly oxidized by airborne 
hydroxyl radicals (OH') t o  gaseous NO,. This reaction 
occurs so rapidly tha t  almost a l l  gaseous nitrogen oxides 
occur as NO2. 

c) Gaseous NO2 i s  further oxidized by airborne hydroxyl 
radicals (OH-) t o  form n i t r a t e  (NO3-), which combines 
with water or airborne par t ic les  to  form HNO, or n i t r a t e  
par t ic les  such as ammonium n i t r a t e  (NH4N03). 
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(Mn), iron (Fe), etc. Aqueous Strong Acids ~~~~l urbonater [ M ~ ( c o ~ ) ~  j Ammonium bisulfate (NHIHS04) S02(aq)P " g - ~ 2 ~ 0 4 ~  Ammonium sulfate [(MM4)2S04! 

5 ,  NO ( a d  
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aS02(aq) reacts to form hydrogen ions (H') and bisulfite ions (HSO;). 

b~queous H2S04 dtssociates into hydrogen ions. bisulfate ions IHSOj). and sulfate ions (SO:). 

CAqueous HMO3 dissociates into H+ and nitrate ions (N05). 

Figure 10. Pathways for the formation of atmospheric sulfate and nitrate. 

Source: National Research Council (1 983). 



Figure 11. Sample processes in SO, oxidation. This figure illustrates 
the complexity of the atmospheric processes. 

Source: Bennett and others (1 985). 



d) Gaseous n i t r o g e n  d i o x i d e  (NO,) r eac t s  w i t h  v o l a t i l e  hydro- 
carbons [ v o l a t i l e  nonmethane o rgan ic  compounds (VNMOC)] i n  
t h e  presence o f  s u n l i g h t  t o  g i v e  a v a r i e t y  o f  h i g h l y  
r e a c t i v e  photochemical ox idan ts  i n c l u d i n g  ozone ( 0 3 ) $  
hydrogen perox ide  (H,O,), formaldehyde (H2CO), peroxyace ty l  
n i t r a t e  (PAN) and peroxypropiony l  n i t r a t e  (PPN). 

e) Gaseous ammonia (NH3) r e a c t s  w i t h  water  t o  form ammonium 
i o n  (NH,+), which may r e a c t  w i t h  s u l f a t e  o r  n i t r a t e  t o  form 
(NH4)2S04 o r  NH4N03. 

3) Some o f  t h e  more impor tan t  phys i ca l  t rans fo rmat ions  o c c u r r i n g  
d u r i n g  t r a n s p o r t  through t h e  atmosphere i n c l u d e  t h e  f o l l o w i n g  
( A l t s h u l l e r  and L i n t h u r s t  1984; Na t i ona l  Research Counci l  
1983) : 

a) Format ion o f  l i q u i d  and s o l i d  suspended p a r t i c l e s  by 
condensat ion o f  gases; 

b) Coalescence o f  f i n e  l i q u i d  and s o l i d  suspended p a r t i c l e s  
i n t o  l a r g e r  aerosols ;  

c)  Adsorp t ion  and abso rp t i on  o f  gases onto l i q u i d  and s o l i d  
suspended p a r t i c l e s ;  

d) Format ion o f  c louds,  as water  vapor becomes supercooled; 

e) Format ion o f  ra indrops ,  snowflakes, and h a i l ;  

f) D i s s o l u t i o n  o f  gases i n  ra indrops ,  snowflakes, and h a i l  
p a r t i c l e s ;  and 

g) Evaporat ion. 

4) The end r e s u l t  o f  a l l  t h e  n a t u r a l  and man-made emissions, and 
t h e  chemical and phys i ca l  t r ans fo rma t i on  processes d u r i n g  
t r a n s p o r t ,  i s  fo rmat ion  o f  a  complex m i x t u r e  o f  a i r bo rne  
chemicals t h a t  a re  p resen t  i n  t h e  atmosphere as ( A l t s h u l l e r  and 
L i n t h u r s t  1984; Na t i ona l  Research Counci l  1983): 

a) Gases; 

b) Suspensions o f  f i n e  aerosol  p a r t i c l e s  (<2 microns i n  
diameter)  and l a r g e r  aerosol  p a r t i c l e s  (2-10 microns i n  
d i  ameter) ; 

c)  Suspensions o f  f l y  ash, soot ,  and o t h e r  coarse p a r t i c u l a t e  
ma t te r  (10 microns t o  1 m i l l i m e t e r  o r  l a r g e r  p a r t i c l e s ) ;  

d) D isso lved  and suspended substances i n  c l o u d  water,  fog,  and 
p r e c i p i t a t i o n  i n c l u d i n g  ral'n, snow, h a i l ,  fog,  dew, and 
r ime i c e .  



3. CHEMICAL EXPOSURE OF FORESTS I N  EASTERN NORTH AMERICA 

3 . 1  I n t r o d u c t i o n  
Chapter 2 o f  t h i s  document descr ibes t h e  major  sources, magnitude o f  

emissions, p r i n c i p a l  chemical t rans fo rmat ions ,  and t h e  usual d-irec"ions and 
d is tances  over which s u l f u r -  and n i t r ogen -de r i ved  compounds a re  d ispersed 
through t h e  atmosphere over  eas te rn  No r th  America. Many meteoro log ica l ,  
c l  i m a t o l o g i c a l  , chemical ,  and b i o l o g i c a l  f a c t o r s  i n f l u e n c e  t h e  t r a n s f e r  o f  
these compounds and t h e i r  de r i ved  products  f rom t h e  atmosphere i n t o  f o r e s t  
ecosystems. These f a c t o r s  a1 so cause 1 arge-scal  e  s p a t i  a l  and temporal 
v a r i a t i o n  i n  concen t ra t ion ,  res idence t ime,  and d e p o s i t i o n  o f  these substances 
across t h e  c o n t i n e n t  and smal l  er-sca1 e  v a r i  a t i  on5 assoc ia ted  w i t h  d i f f e r e n c e s  
i n  e l eva t i on .  

The major purpose o f  t h e  p resen t  chapter  i s  t o  d e f i n e  and q u a n t i f y  t h e  
na tu re  and magnitude o f  t h e  chemical exposure o f  f o r e s t s  i n  va r i ous  reg ions  
o f  eas te rn  Nor th  America. The chemical form o f  t h e  p o l l u t a n t ,  concen t ra t ion ,  
du ra t i on ,  t ime o f  day and season o f  year  a re  a l l  impor tan t  i n  de te rmin ing  
exposure and response o f  f o r e s t s .  

3 . 2  
P o l l u t a n t  Chemicals t o  which Forests  a re  E x ~ o s e d  i n  Eastern Nor th  America? 

1) The a i r bo rne  su l  f u r -  and n i  t rogen-der ived  chemicals p r e s e n t l y  
known o r  suspected t o  cause g row th -s t imu la t i ng  o r  growth- 
i n h i b i t i n g  e f f e c t s  on f o r e s t s  through fo l iage-med ia ted  response 
mechanisms i n c l u d e  t h e  f o l  l ow ing  (U. S. Environmental P r o t e c t i o n  
Agency 1982a, 1982b, 1986) : 

Gaseous s u l f u r  d i o x i d e  (SO2); 

Gaseous n i t r o g e n  ox ides (NOx), ma in ly  NO2 b u t  a l s o  NO; 

Gaseous peroxyace ty l  n i t r a t e  (PAN); 

Gaseous peroxyprop ion ly  n i t r a t e  (PPN); 

Gaseous n i t r i c  a r i d ;  

Gaseous ammonia (NH3) ; 

- Gaseous ozone (03); 

Gaseous hydrogen perox ide  (H202); 

* Hydrogen perox ide  d i sso l ved  i n  c l u d  water p r e c i p i t a t i o n ;  



2 )  The next four ionic materials occur mainly as f ine  aqueous aerosol 
par t ic les  and as dissovled and suspended materials in cloud 
water and precipitation.  Their main e f fec t  on forest  growth i s  
through depostion on the so i l .  

Sul f a t e  ions (SO,=) ; 

Nitate ions (NO,-) ; 

Ammoni um ions (NH,') ; 

Hydrogen ions (H'); 

All of these l a s t  four ionic materials occur mainly in two forms: 
f ine  aqueous aerosol par t ic les ;  and dissolved and suspended materials 
in cloud water and precipitation.  

3) Gaseous peroxyacetyl n i t r a t e  (PAN) ; measurement methods for the 
sulfur-  and ni trogen-derived pol 1 utants are described in the 
Cri ter ia  Documents for  n i t r a t e s ,  sul f a t e s ,  and ozone (U. S. 
Envi ronmental Protecti on Agency 1973, 1982b, 1986). The 
majority of a i r  pollution monitoring devices in eastern North 
America have been placed in urban areas. The only monitors 
located specifical  ly in forests  were the ozone monitoring s i t e s  
of the Environmental Protection Agency-Forest Service and 
National Park Service monitoring programs. 

The ra te  of t ransfer  of airborne pollutant chemicals into forests  i s  
determined by a variety of chemical, physical, and meteorological features o f  
the pollutants and the i r  dispersal in the atmosphere of the fores t ,  and by 
various physical, chemical, and biological features of plants ,  animals, and 
microorgani sms i n the ecosystems themsel ves. These several atmospheric and 
bio1ogi;al factors are imp&tant in assessing exposure and are disc*ussed in the 
following sections. 

I )  Pollutant chemicals are  dispersed in the atmosphere in four 
physical s t a t e s  (Hales 1984; National Research Counci 1 1983) : 

e as gases; 

as f ine aerosol par t ic les  ( < 2  microns in diameter) and 
coarse aerosol par t ic les  ( 2  t o  10 microns in diameter). In 
the humid environment of eastern North America, most 
aerosols occur as t iny l iquid par t ic les ,  very few as sol id 
par t ic les ;  

as f l y  ash and other coarse par t iculate  matter (10-micron 
to  I - m m  or larger par t ic les ) ;  and 

as dissolved and suspended substances in cloud water, fog 
water, and precipitation.  



2) These f o u r  types o f  substances a re  t r a n s f e r r e d  from t h e  atmos- 
phere i n t o  f o r e s t  ecosystems where t hey  a re  depos i ted  on to  two 
types o f  sur faces (Hales 1984; Hicks 1984): s o l i d  p l a n t ,  
animal,  m i c r o b i a l ,  s o i l ,  and stone sur faces;  and l i q u i d  water 
sur faces w i t h i n  f o r e s t  ecosystems. 

The f o l l o w i n g  phys i ca l  mechanisms o f  t r a n s f e r  and d e p o s i t i o n  a re  invo lved :  

* Gases a re  t r a n s f e r r e d  t o  s o l i d  sur faces by adsorp t ion ,  
absorp t ion ,  condensat ion, and d i f f u s i o n  processes. They 
a l s o  a re  t r a n s f e r r e d  t o  dew and o t h e r  1  i q u i d  water  f i l m s ,  
water  d r o p l e t s ,  and poo ls  o f  l i q u i d  water  by condensation, 
d i s s o l u t i o n ,  and d i f f u s i o n  processes. 

+ F ine and coarse aerosol  p a r t i c l e s  a re  t r a n s f e r r e d  ma in ly  by 
phys i ca l  impac t ion  processes onto bo th  t h e  s o l i d  and l i q u i d  
sur faces i n  f o r e s t s .  

* F l y  ash and o t h e r  coarse p a r t i c u l a t e  ma t te r  a re  t r a n s f e r r e d  
i n t o  f o r e s t s  by g r a v i t a t i o n a l  s e t t l  i ng .  

D isso lved  and suspended substances i n  p r e c i p i t a t i o n  a re  
t r a n s f e r r e d  i n t o  f o r e s t s  by phys i ca l  impac t ion  i n  t h e  case 
o f  c l oud  water ,  f o g  water ,  and r ime i c e ;  and by g r a v i t a -  
t i o n a l  s e t t l i n g  i n  t h e  case o f  ra indrops ,  snowflakes, and 
h a i l  and s l e e t  p a r t i c l e s .  

3) Gases, f i n e  and coarse aeroso ls  ( i n c l u d i n g  f o g  and c l oud  water 
d r o p l e t s ) ,  and coarse p a r t i c u l a t e  ma t te r  a re  t r a n s f e r r e d  i n t o  
f o r e s t s  by d r y  depos i t i on  processes. These d r y  depos i t i on  
processes occur under a l l  meteoro log ica l  cond i t i ons ,  a t  a l l  
t imes o f  t h e  day and n i g h t ,  and i n  a l l  seasons o f  t h e  year  
(Hicks 1984). 

4) The r a t e  o f  t r a n s f e r  o f  gases and aerosols  f rom t h e  atmosphere 
i n t o  f o r e s t s  ( depos i t i on  v e l o c i t y )  i s  a  complex f u n c t i o n  o f  t h e  
f o l  1  owi ng (Fowl e r  1980) : 

* concen t ra t i on  o f  gases and aerosols  i n  t h e  atmosphere which 
i n  t u r n  depend on: 

- p r o x i m i t y  t o  and s t r e n g t h  o f  major  p o l l u t i o n  sources; 
- d u r a t i o n  and frequency o f  a i r  s t agna t i on  events (see 

f i g .  12);  
- t ime  s ince  t h e  most r ecen t  p r e c i p i t a t i o n  event;  and - thoroughness o f  atmospheric c l eans i  nb achieved d u r i n g  t h a t  

event;  

speed and tu rbu lence  o f  wind; 

* s i z e  and aerodynamic p r o p e r t i e s  o f  aerosol  p a r t i c l e s ;  



Figure 12. Incidence of air stagnation advisories issued over a 1 0-year 
period. Adapted from Lyons (1 975). 

Source: Bennett and others (1 985). 



chemical and phys i ca l  p r o p e r t i e s  o f  gases and aerosol  s  ; 

chemical and phys i ca l  p r o p e r t i e s  o f  t he  sur faces t o  which 
t h e  gases and aerosols  a re  t r a n s f e r r e d ;  

temperature and r e l a t i v e  humid i t y  o f  t h e  f r e e  almosphere, 
and o f  t h e  atmosphere near t h e  sur face  t o  which t h e  gases 
and aeroso ls  a re  be ing  t r a n s f e r r e d ;  and 

* temperature o f  t h e  r e c e i v i n g  sur face,  

Since these many f a c t o r s  vary  g r e a t l y  i n  bo th  t ime and space ( e s p e c i a l l y  i n  
complex t e r r a i n ) ,  t h e  r a t e  and t o t a l  amount o f  d r y  depos i t i on  o f  gases and 
aerosols  i n  eas te rn  No r th  America v a r i e s  g r e a t l y  geograph ica l l y ,  tempora l l y ,  
a l t i t u d i n a l l y ,  and w i t h  regard  t o  t h e  chemical na tu re  o f  t h e  gases and aerosols  
i nvo l ved  (Wales 1984; Wicks 1984). 

5) Major  c a t i o n s  and anions d i sso l ved  and suspended i n  p r e c i p i t a -  
t i o n  a re  t r a n s f e r r e d  i n t o  f o r e s t  ecosystems by wet depos i t i on  
processes e  d u r i n g  r a i n ,  snow, h a i l ,  and s l e e t  storms). 
Wet d e p o s i t i o n  episodes t y p i c a l l y  l a s t  f rom a  few minutes o r  
hours t o  a Few days. The t ime between p r e c i p i t a t i o n  events 
v a r i e s  g r e a t l y ,  b u t  t y p i c a l l y  i s  l e s s  than  1 week i n  most p a r t s  
o f  eas te rn  Nor th  America. O f  course, drought  per iods  o f  up t o  7 
o r  8 weeks o r  even longer  have occurred i n  e x c e p t i o n a l l y  d r y  
years.  Wet d e p o s i t i o n  events i n  eas te rn  No r th  America g e n e r a l l y  
occupy about 4 t o  8  percen t  o f  t h e  t o t a l  hours p e r  year  
(A1 t s h u l  l e r  and L i n t h u r s t  1984). 

6) The r a t e  o f  t r a n s f e r  o f  d i sso l ved  and suspended substances i n  
p r e c i p i t a t i o n  i n t o  f o r e s t s  i s  determined ma in ly  by t h e  concen- 
t r a t i o n  o f  these substances i n  t h e  atmosphere and t he  amount o f  
p r e c i p i t a t i o n  t h a t  occurs pe r  u n i t  t ime.  These substances a re  
removed from t h e  f r e e  atmosphere by c l oud  nuc lea t i on  processes 
( r a i  n-out )  , and by impac t ion  processes as ra indrops  , snowf 1  akes , 
and h a i l  and s l e e t  p a r t i c l e s  f a l l  through t h e  atmosphere below 
c louds (wash-out) ( A l t s h u l l e r  and L i n t h u r s t  1984). 

3.4 

A i rborne  P o l l u t a n t  Chemicals t h a t  a re  De l i ve red  i n t o  Fores t  Ecosystems i n  " 

Var ious Pa r t s  o f  Eastern No r th  America? 

1) The magnitude o f  p o l l u t a n t  l oad  rece i ved  by a f o r e s t  i s  
g e n e r a l l y  an i nve rse  f u n c t i o n  o f  t h e  d is tance  from major sources 
o f  p o l l u t i o n  (A1 t s h u l  l e r  and L i n t h u r s t  1984; Fowler 1980). 

2) The magnitude o f  p o l l u t a n t  l oad  rece i ved  by a f o r e s t  on s l o p i n g  
t e r r a i n  i s  g e n e r a l l y  g r e a t e r  on slopes f a c i n g  predominant winds 
than  on slopes f a c i n g  i n  o the r  d i r e c t i o n s ,  e s p e c i a l l y  those 
f a c i n g  away from predominant winds ( A l t s h u l l e r  and L i n t h u r s t  
1984). 



3) Forests with very uneven canopy heights (such as the mixed 
conifer-hardwood forests  of Mew England and southeastern Canada) 
generally receive heavier pollutant loads than forests  that  have 
very even canopy heights (such as the beech-birch-maple forests  
of New England and southeastern Canada or the naturally regener- 
ated pine-oak-hickory forests  or planted stands of southern pine 
in the Piedmont and Coastal Plain regions o f  the Southern United 
States)  because they have a larger number o f  impaction surfaces. 

4) Mixed-species forests  generally receive heavier pollutant loads 
than forests  of single t r ee  species because they have very 
uneven canopy heights. 

5) Trees near the edge of forest  stands generally receive heavier 
loads of pollutants than t rees  within forest  stands. 

6 )  Trees with stomata closed (high stomatal resistance) take up 
airborne gases much more slowly than forests  with stomata open 
(low stomatal resistance).  Typical ly ,  4- to  20-fold differences 
in ra te  of uptake of gases are observed, for example, during 
night and day in the case of t r ee  species tha t  close stomata a t  
night, and during droughts compared to  wet periods (Mudd and 
Kozl ows ki 1975). 

7) Forests on high mountains (> 1000 meters) are exposed to  much 
heavier 1 oads of airborne pol  l  utant chemicals than simi 1 a r  
forests  a t  low elevation (Lovett and others 1982; Wolff and 
others 1987). This i s  caused by the following: 

* Wind speeds are much greater a t  high than a t  low elevation 
( typical ly  2 t o  10 times greater) ;  

Amounts of precipitation are generally much greater a t  high 
than a t  low elevation ( typical ly  2 t o  3 times greater) ;  

Fog and clouds occur much more frequently a t  high than a t  
low elevation (typically 2 t o  10 times greater) ;  

Fog and cloud water s ignif icant ly  augment the to ta l  amount 
of water delivered to  forest  canopies through precipitation 
processes ( typical ly  by 20 to  200 percent); 

Concentrations of dissolved and suspended substances in f o g  
and cloud water are typically 5 to  10 times greater than 
those in precipi ta t ion;  

* Concentrations of ozone and other photochemical oxidants 
are often greater a t  high than a t  low elevation ( typical ly  
about 10 to  50 percent greater) ;  and 

Diurnal periodicity in concentration of photochemical 
oxidants, especially ozone, i s  much less  at high than a t  
low elevations. 



3.5 

P r o x i m i t y  t o  p o l  1  u t a n t  sources i s  ~ m p o r t a n t  i n determi n i  ng t h e  chemical 
exposure o f  f o r e s t s  i n  var ious  reg ions  o f  No r th  America. The general  c o n t r a s t  
i n '  concen t ra t ions  o f  s u l f u r  d i ox i de .  n i t r o g e n  ox ides,  and ozone i n  urban, 
suburban, r u r a l ,  and remote reg ions  o f  t h e  -nor theastern S ta tes  i s  shown i n  
f i g .  13 (Barchet 1987). 

I n  ou r  e f f o r t s  t o  cha rac te r i ze  t h e  chemical exposure o f  f o r e s t s  i n  va r i ous  
p a r t s  o f  eas te rn  No r th  America, we found i t  use fu l  t o  recognize f i v e  general  
types o f  f o r e s t s  based on p r o x i m i t y  t o  sources: 

1) Urban f o r e s t s  such as t h e  30,000 hectares o f  f o r e s t  l a n d  w i t h i n  
t h e  c i t y  l i m i t s  o f  A t l a n t a ,  GA. Al though urban f o r e s t s  p robab ly  
c o n s t i t u t e  a  very  smal l  percentage o f  t h e  t o t a l  area o f  eas te rn  
Nor th  America, urban areas a re  home t o  about 30 percen t  o f  t h e  
human p o p u l a t i o n  o f  eas te rn  Nor th  America and thus a re  o f  g r e a t  
i n t e r e s t  t o  many people i n  t h e  Un i t ed  States and Canada; 

2) ( f o r  exam- 
p l e ,  w i t h i n  about 30 km o f  a major power p l a n t  o r  metal 
smel ter ) .  We es t imate  t h a t  these areas make up about 5 percen t  
o f  t h e  t o t a l  f o r e s t  area o f  t h e  eas te rn  Un i t ed  S ta tes  and 
southeastern Canada; 

3) Near-urban f o r e s t s  w i t h i n  about 50 km o f  major sources o f  
p o l l u t a n t  areas. We es t imate  t h a t  these areas i n c l u d e  about 
37 pe rcen t  o f  t h e  t o t a l  f o r e s t  area o f  t h e  eas te rn  Un i t ed  States 
and southeastern Canada; 

4) Rural f o r e s t s  more than  50 km d i s t a n t  f rom major urban areas o r  
f rom major  p o i n t  sources o f  p o l l u t i o n .  We es t imate  t h a t  these 
areas make up about 25 t o  30 percen t  o f  t h e  t o t a l  f o r e s t  area o f  
t h e  eas te rn  Un i t ed  States and southeastern Canada; and 

5) H igh -e leva t i on  f o r e s t s  such as those on Mount M i t c h e l l ,  NC, and 
Whiteface Mountain i n  New York (see f i g .  14). These areas 
a re  cha rac te r i zed  by f requent  exposure t o  c louds and concentra- 
t i o n s  o f  ozone t h a t  show l i t t l e  o r  no d i u r n a l  v a r i a b i l i t y .  We 
es t imate  t h a t  these areas make up about 2 percen t  o f  t h e  t o t a l  
f o r e s t  area o f  t h e  eas te rn  Un i ted  S ta tes  and southeastern 
Canada. 

I n  making these d i s t i n c t i o n s  we have f o l l owed  t h e  l e a d  o f  t h e  personnel 
o f  t h e  Nat iona l  Vegeta t ion  Survey o f  t h e  Fores t  Response Program who have been 
develop ing t he  so -ca l l ed  Southern Fores t  Atlas/Geographic I n fo rma t i on  System, 
i n  p a r t i c u l a r  t h e  "Chemical A t l as " .  They have used a e r i a l  photographs i n  
assessing t h e  p r o x i m i t y  o f  t h e  U.S. Environmental P r o t e c t i o n  Agency (EPA) ,  
E l e c t r i c  Power Research I n s t i t u t e  ( E P R I ) ,  and Tennessee V a l l e y  A u t h o r i t y  (TVA) 
mon i t o r i ng  s i t e s  t o  f o r e s t s  and t o  major p o i n t  and area sources o f  a i r bo rne  
p o l l u t a n t  chemicals. Al though we have been unable t o  do so thorough ly  i n  t h e  



Urban Suburban Aur Qi Asmote 

Figure 13. Mean annual air quality for SO,, NO,, and 0, by station class in 
the three-state region of New Jersey, New York, and Pennsylvania for the 
period 1 976 to 1 983. The number on the vertical bar indicates the number 
of stations in that class. 1 ppm SO, = 2600 pg/m3; 1 ppb NO, = 1900 p/m3. 

Source: Barchet (1 987). 



t ime  a v a i l a b l e ,  we b e l i e v e  aer ia l -pho tograph  i n t e r p r e t a t i o n  o f  t h e  amounts and 
types o f  f o r e s t s  near mon i t o r i ng  s i t e s  o f f e r s  a  use fu l  means by which t o  
inc rease  f u r t h e r  our  understanding o f  t h e  chemical exposure o f  f o r e s t s  o f  t h e  
f i v e  types l i s t e d  above. 

I n  drawing c e r t a i n  general  in fe rences  about t h e  chemical exposure o f  these 
f i v e  types o f  f o r e s t s ,  we found t he  chemical exposure o f  near urban and 
r u r a l  f o r e s t s  t o  be very  s i m i l a r .  

1) Suf f u r  d i o x i d e  (SO2): As d i  scussed more f u l 1  y be1 ow, gaseous 
s u l f u r  d i o x i d e  i s  r a r e l y  found i n  concen t ra t ions  s u f f i c i e n t  t o  
cause v i s i b l e  i n j u r y  t o  vege ta t i on  (50 t o  5,000 ppb f o r  8  hours 
o r  500 t o  3,000 ppb f o r  1 hour,  see t a b l e  3) i n  remote f o r e s t s ,  
r u r a l  f o r e s t s ,  o r  near-urban f o r e s t s  i n  eas te rn  Nor th  America. 
It does occur' i n  i n j u r i o u s  concent ra t ions  i n  some urban f o r e s t s  
and i n  r u r a l  f o r e s t s  near major p o l l u t i o n  sources, however. 
These e f f e c t s  on f o r e s t s  i n  t h e  immediate v i c i n i t y  o f  major 
p o l  1 u t i o n  sources a re  we1 1  documented i n  t h e  pub1 i shed 1  i t e r a -  
t u r e  (U. S. Envi  ronmental P r o t e c t i o n  Agency 1982a). 

a) I n  h i gh -e leva t i on  f o r e s t s  ( f i g .  1 4 ) ,  gaseous s u l f u r  d i o x i d e  
concent ra t ions  a re  u s u a l l y  ve ry  near t h e  d e t e c t i o n  l i m i t s  
f o r  a v a i l a b l e  mon i t o r i ng  equipment. A t  Whiteface Mountain, 
f o r  example, average l - h r  concen t ra t ions  i n  1982 were below 
1 ppb; maximum concent ra t ions  were about 20 ppb a t  bo th  
h i g h  and low e l e v a t i o n  l o c a t i o n s  on t h i s  mountain ( K e l l y  
and o the rs  1984). These values a re  f a r  below t h e  t h resho ld  
f o r  f o l i a r  i n j u r y  -- about 50 ppb f o r  8  hours (Lefohn and 
T i  ngey 1984). 

b) I n  most near-urban and r u r a l  f o r e s t s  o f  eas te rn  Nor th  
America, su l  f u r  d i o x i d e  concent ra t ions  seldom exceed 
50 ppb. For example, 39 percen t  o f  922 r u r a l  mon i t o r i ng  
s i t e  years (number o f  s p e c i f i c  s i t e s  analyzed over  a  
mu1 ti -year  pe r i od )  across t h e  Eastern Uni t e d  S ta tes  i n  t h e  
Envi ronmental P r o t e c t i o n  Agency SAROAD, EPRI , and TVA 
moni t o r i  ng networks f o r  1978-81 showed no 1- hour average 
s u l f u r  d i o x i d e  concent ra t ions  g rea te r  than  o r  equal t o  
50 ppb (Lefohn and Tingey 1984). S i m i l a r l y ,  90 percen t  o f  
a1 1  1-hour average values f o r  s u l f u r  d i o x i d e  a t  20 s i t e s  
c l a s s i f i e d  as r u r a l  o r  remote i n  t h e  SAROAD data base f o r  
1979-83 i n  t h e  S ta tes  o f  Arkansas, Louis iana,  M i s s i s s i p p i ,  
Georgia, and F l o r i d a  were l e s s  than  10 ppb. The h ighes t  
l - h o u r  average concen t ra t i on  observed a t  any o f  these 
20 s i t e s  was 822 ppb. Only two s i t e s  showed l - h o u r  average 
values g r e a t e r  than  500 ppb. Eleven s i t e s  showed no values 
g rea te r  than  200 ppb even f o r  a  s i n g l e  hour i n  1979-83 
(Lefohn and o thers  1987). Th i s  j s  t r u e  i n  p a r t  because 
s u l f u r  d i o x i d e  i s  r a p i d l y  t ransformed t o  s u l f a t e  aerosol  
d u r i  ng t r a n s p o r t  f rom major sources (Husar and Hol 1  oway 
1983). 



Figure 14. Regions of the United States with high-elevation forests (boreal, 
sub-alpine, and montane; mixed boreal and deciduous; mixed boreal, lake, 
and deciduous). 

Source: Bennet and others (1985). 



c )  Some urban f o r e s t s  and r u r a l  f o r e s t s  near maior s o l l u t i o n  
Y 

sources i n  eas te rn  No r th  America a re  exposed t o  p h y t o t o x i c  
concen t ra t ions  o f  gaseous su l  f u r  d i ox i de .  Maximum concen- 
t r a t i o n s  o f  500 t o  1,000 ppb o r  even h igher  have been 
repo r ted  near some i n d u s t r i a l  sources f o r  severa l  days a t  a  
t ime d u r i n g  t h e  1970 's  and e a r l y  1980 's  (U.S. Environmental 
P r o t e c t i o n  Agency 1982a). 

I n  E l e c t r i c  Power Research I n s t i t u t e ' s  S u l f a t e  Regional Experiment i n  
1977-78, t h e  h i ghes t  annual average concent ra t ions  o f  s u l f u r  d i o x i d e  observed 
i n  r u r a l  areas was 20 t o  30 ppb (see f i g .  15). These r e l a t i v e l y  h i gh  values 
were observed i n  t h e  Ohio R i ve r  V a l l e y  and i n  western Pennsylvania. The 
h ighes t  monthly 1-hour average va lues o f  about 30 ppb occurred du r i ng  January 
and February 1978. The h ighes t  concen t ra t ions  i n  near-urban areas were found 
i n  t h e  v i c i n i t y  o f  Richmond, VA,  Ph i l ade lph ia ,  PA, New York, NY, and Boston, MA 
(Mue l le r  and o the rs  1980). 

d) Regional v a r i a b i l i t y .  The r e g i o n  w i t h  t h e  h i ghes t  annual 
average s u l f u r  d i o x i d e  concent ra t ions  a t  r u r a l  s i t e s  i n  
eas te rn  Nor th  America i s  i n  t h e  Ohio R iver  V a l l e y  where 
these values approach 10 ppb. Average concent ra t ions  
decrease w i t h  i n c r e a s i n g  d i s tance  from t h i s  reg ion ,  
reach ing  approx imate ly  2  ppb i n  New England and l e s s  than 
1 ppb i n  t h e  Southern Un i t ed  S ta tes  (Muel l e r  and Hidy 
1983). 

I n  t h e  Environmental P r o t e c t i o n  Agency SAROAD da ta  base f o r  1980-85, t h e  
ranges o f  s u l f u r  d i o x i d e  concent ra t ions  a t  r ep resen ta t i ve  l ow-e leva t i on  r u r a l  
and remote s i t e s  i n  t h e  Nor theastern and Southeastern Un i ted  States were as 
f o l l ows :  

Number o f  s i t e s  
24-hr a r i t h m e t i c  mean 
24-hr maximum concen t ra t i on  
1 -h r  maximum concen t ra t i on  

Nor theas t  Southeast 
11 16 

7 - 13 ppb 7 - 8  ppb 
14 - 57 ppb 3 - 52 ppb 
29 - 210 ppb 5 - 200 ppb 

e )  Di  u rna l  v a r i a b i  1  i t y .  The h ighes t  1- hour concen t ra t ions  o f  
s u l f u r  d i o x i d e  i n  near-urban and r u r a l  f o r e s t s  u s u a l l y  
occur a t  n i g h t  and d u r i n g  t h e  ear ly-morn ing hours i f  
emissions a re  predominant ly  f rom r e s i d e n t i a l  and i n d u s t r i a l  
space-heat ing sources w i t h  low stacks ( f i g .  16) (U. S. 
Environmental P r o t e c t i o n  Agency 1982a). When emissions a re  
from t a l l  s tacks,  however, h i ghes t  concen t ra t ions  u s u a l l y  
occur i n  t h e  morning j u s t  a f t e r  sun r i se  w i t h  a  broad 
d i u r n a l  maximum between 4 p.m. and 6  a.m. (U. S. Environ- 
mental P r o t e c t i o n  Agency 1982a). 



Figure 15. Sulfur dioxide (arithmetic mean) and sulfate (geometric mean) 
concentrations. Data obtained during 5 months between August 1977 and 
July 1978. Note: 18 ppb SO, is approximately 28 pg/m3 SO,. 

Source: Bennett and others (1 985). 



HOUR 

Figure 16. Composite diurnal pattern of hourly sulfur dioxide concentrations 
are shown for Watertown, MA, for December 1978. 
Source: U.S. Environmental Protection Agency (1 982a). 



f > . Several-day episodes with 
atypical ly high concentrations of sul fur  dioxide sometimes 
resul t  from the accumulation of pol lutants in slow-moving 
a i r  masses. Accumulations over large areas sometimes 1 a s t  
3 to  10 days, or when the area involved i s  smal 1 ,  1 t o  
7 days (Mueller and Hidy 1983). 

Seasonal var iab i l i ty .  Both the atmospheric residence time 
and the average distance of transport for sulfur dioxide i s  
greater in winter than in summer months (Husar and Holloway 
1983). As a consequence, highest concentrations of sul fur  
dioxide usually occur during the winter months in northern 
areas where residential  and commercial space and water 
heating are  major sources. In southern areas where a i r  
conditioning i s  common, however, a small secondary peak 
during the summer may also be evident (U.S. Environmental 
Protection Agency 1982a). Summer concentrations are are  
presumed to  be of greater biological importance than winter 
concentrations, since forest  t rees  are more active during 
the growing season (Kozlowski and Constantinidou 1986a). 

h) Major sources. Approximately 70 percent of sulfur  dioxide 
emissions in the Eastern United States are from power 
plants,  many with t a l l  stacks and located in rural areas. 
Residence time in summer in the midwestern States i s  
approximately 2 days. During tha t  time, the plumes from 
power plants are l ikely to  have been transported up t o  
1000 km and to  have broadened considerably, and the sulfur  
dioxide to  have been transformed into sulfa te  or to  have 
been removed by wet or dry deposition (Husar and Holloway 
1983). 

i )  Long-term trends. Judging from long-term trends in emis- 
sions, i t  i s  reasonable t o  infer  tha t  sulfur dioxide 
loadings of forest  ecosystems have remained rela t ively 
constant or decreased in the Northeastern United States and 
southeastern Canada since the 1920' s ,  b u t  have increased 
steadily in the Southeastern United States since the 1940's 
(Husar 1986). 

2) Nitrogen oxides (NOx): As discussed more ful ly  below, gaseous 
nitrogen oxides are found rarely ,  i f  ever, in concentrations 
suff ic ient  to  cause vis ible  injury to  vegetation (2,000 to  
5,000 ppb for  8 hours or 4,000 t o  8,000 ppb for 1 hour, (see 
table  3) in high-elevation fores t s ,  rural f o r e s t s ,  coastal and 
maritime forests ,  and near-urban forests  or even in urban or  
rural forests  near major pollution sources. In f ac t ,  injury to  
t rees  or other forest  vegetation by exposure t o  gaseous nitrogen 
oxides occurs so rarely in eastern North America tha t  there are  
no reports of injury in the published l i t e r a tu re  (National 
Research Counci 1 1977b; U. S. Envi ronmental Protection Agency 
1982b) (see also chapter 4).  



a) I n  concen t ra t ions  o f  gaseous 
n i t r o a e n  ox ides u s u a l l v  a re  below t h e  d e t e c t i o n  l i m i t s  f o r  
ava i  1  ab le  mon i t o r i ng  equipment. A t  Whi t e f a c e  Mountain, f o r  
example, average 1-hour concen t ra t ions  i n  1982 were below 
1 ppb, and maximum concent ra t ions  were about 3 ppb ( K e l l y  
and o the rs  1984). A t  a  s e r i e s  o f  remote s i t e s  i n  t h e  
Eastern Un i t ed  S ta tes  i n  1978-81, l - h o u r  NOx concent ra t ions  
t y p i c a l l y  exceeded 50 ppb fewer than  10 t imes pe r  year  
(Lefohn and Tingey 1984). These va lues a re  f a r  below t h e  
t h r e s h o l d  f o r  v i s i b l e  i n j u r y  -- about 2000 ppb f o r  8 hours 
(U.S. Environmental P r o t e c t i o n  Agency 1982b). 

b) I n  most near-urban and r u r a l  f o r e s t s  o f  eas te rn  Nor th  
America, concen t ra t ions  o f  n i t r o g e n  ox ide  seldom exceed 
10 ppb (U. S. Environmental P r o t e c t i o n  Agency 1982b). Th i  s  
i s  t r u e  i n  p a r t  because n i t r o g e n  ox ides a re  o f t e n  consumed 
i n  t h e  photochemical f o rma t i on  o f  ozone (see sec. 2.6). 
Annual average l - h o u r  NOx concent ra t ions  f o r  9  r u r a l  E P R I  
s i t e s  i n  t h e  Eastern Un i t ed  S ta tes  were 7  ppb from 1978 t o  
1982. The o n l y  EPRI s i t e  where s i g n i f i c a n t  n i t r o g e n  ox ides 
were recorded a t  a  r u r a l  s i t e  was near Ph i l ade lph ia ,  PA 
(Mue l le r  and Hidy 1983). There, t h e  maximum n i t r o g e n  
ox ides concen t ra t i on  was 150 ppb. 

c) S i g n i f i c a n t  n i t r o g e n  ox ides concent ra t ions  a re  u s u a l l y  
con f i ned  t o  urban areas and r u r a l  areas near major 

o l l u t i o n  sources. For  example, i n  1976-1980, peak concen- 
f r a t i o n s  o f  270-ppb n i t r o g e n  ox ides were repo r ted  a t  St .  
Louis ,  MO; New York, NY; S p r i n g f i e l d ,  I L ;  C i n c i n n a t i ,  OH; 
and Sagi naw and Southf  i e l d ,  M I  (U. S. Environmental Protec-  
t i o n  Agency 1982b). S i m i l a r l y ,  d u r i n g  t h e  years 1976-1980, 
peak NOx concent ra t ions  equa l i ng  o r  exceeding 400 ppb were 
measured a t  r u r a l  i n d u s t r i a l  areas near Ashland, KY, and 
P o r t  Huron, M I .  Annual average concent ra t ions  i n  urban 
areas o f  eas te rn  No r th  America a re  t y p i c a l l y  about 70 ppb 
(U.S. Environmental P r o t e c t i o n  Agency 19826). 

Urban n i t r o g e n  ox ide concent ra t ions  between 6: 00 and 9: 00 a.m. a re  very  
impo r tan t  i n  t h e  fo rmat ion  o f  ozone and o the r  photochemical ox idants .  Average 
n i t r o g e n  ox ides concent ra t ions  d u r i n g  these hours ranged from about 50 t o  
150 ppb i n  n i ne  urban areas (U.S. Environmental P r o t e c t i o n  Agency 1982b). 

d) Regional v a r i a b i l i t y .  The reg ions  w i t h  t h e  h i ghes t  annual 
average n i t r o g e n  ox ide  concent ra t ions  a t  r u r a l  and remote 
s i t e s  i n  eas te rn  Nor th  America a re  i n  t h e  Ohio R i ve r  V a l l e y  
and i n  t h e  southern Piedmont reg ions  o f  t h e  southeastern 
S ta tes ;  here these values approach 12 ppb. Average concen- 
t r a t i o n s  decrease w i t h  i nc reas ing  d i s tance  from these 
reg ions ,  reach ing  approx imate ly  1 ppb i n  remote areas o f  
New England and elsewhere i n  t h e  Southern Un i t ed  States 
(Mue l le r  and o thers  1980). 



I n  t h e  Environmental P r o t e c t i o n  Agency SAROAD da ta  base f o r  1980-85, t h e  
ranges o f  n i t r o g e n  ox ide  concent ra t ions  a t  r ep resen ta t i ve  l ow-e leva t i on  r u r a l  
s i t e s  i n  t h e  Nor theas te rn  and Southeastern Un i t ed  S ta tes  were as f o l l ows :  

Nor theast  Southeast 
Number o f  s i t e s  8  16 
24-hr a r i t h m e t i c  mean 10 - 20 ppb 3 - 17 ppb 
24-hr maximum concen t ra t i on  27 - 62 ppb 12 - 75 ppb 
1 - h r  maximum concen t ra t i on  27 - 338 ppb 2 1  - 100 ppb 

e) D iu rna l  v a r i a b i l i t y .  No t y p i c a l  d i u r n a l  p a t t e r n s  o f  
n i t r o g e n  ox ide  concent ra t ions  e x i s t .  A1 though a  r e c u r r e n t  
d i u r n a l  p a t t e r n  i s  d i s c e r n i b l e  i n  some areas o f  t h e  Un i t ed  
S ta tes ,  i n  many o t h e r  areas peak concent ra t ions  can occur 
a t  almost any t ime  o f  day o r  n i g h t .  Concentrat ions o f  
n i t r o g e n  ox ides i n  urban areas, l i k e  those o f  v o l a t i l e  
hydrocarbons, tend  t o  inc rease  r a p i d l y  i n  t h e  morning as a  
r e s u l t  o f  NO emissions and photochemical convers ion t o  NOZ 
when atmospheric d i s p e r s i o n  i s  l i m i t e d  and automobi le 
t r a f f i c  i s  dense. Photochemical genera t ion  o f  n i t r o u s  
ox ides i s  f o l l owed  by a  concomitant r a p i d  increase i n  ozone 
concent ra t ion ,  which depresses t h e  n i t r o u s  ox ide  concen- 
t r a t i o n s  u n t i l  l a t e r  a f te rnoon hours,  when decreas ing 
r a d i a n t  energy and i nc reas ing  NO emissions overwhelm t h e  
ozone-generat ing mechanisms. High NO, concen t ra t ions  t hen  
occur a f t e r  photochemical a c t i v i t y  has ceased ( f i g .  17). 
Shor t - term peaks o f  NO2 can occur a t  n i g h t  and are n o t  
assoc ia ted  w i t h  t r a f f i c  emissions o r  photochemical ox ida-  
t i o n  (U.S. Environmental P r o t e c t i o n  Agency 1982b). 

f) Dai l y  t o  weekly v a r i a b i  1  i ty. Several-day episodes w i t h  
a t y p i c a l l y  h i gh  concent ra t ions  o f  n i t r o g e n  ox ide sometimes 
r e s u l t  f rom t h e  accumulat ion o f  p o l l u t a n t s  i n  slow-moving 
a i  r masses. Accumul a t i o n s  over 1  arge areas sometimes 1  a s t  
3  t o  10 days, o r  when t h e  area i n v o l v e d  i s  smal l ,  1 t o  
7 days (Mue l le r  and Hidy 1983). 

g) Seasonal v a r i a b i l i t y .  J u s t  as t h e r e  i s  no t y p i c a l  d i u r n a l  
p a t t e r n  f o r  peak n i t r o g e n  d i o x i d e  concent ra t ions ,  t he re  i s  
a l s o  no t y p i c a l  seasonal p a t t e r n .  Peak monthly averages 
occur a t  d i f f e r e n t  t imes o f  t h e  yea r  i n  d i f f e r e n t  loca-  
t i o n s .  I n  remote areas, n i t r o g e n  ox ide  and n i t r o u s  ox ide  
seasonal peaks occurred any t ime between October and A p r i l  
(U. S. Environmental P r o t e c t i o n  Agency 1982b). Power p l a n t s  
em i t  about 15 percen t  more n i t r o g e n  ox ides i n  summer t han  
i n  w i n t e r .  A lso,  seasonal v a r i a t i o n  i n  automobi le t r a v e l  
leads t o  seasonal v a r i a t i o n  i n  emissions o f  n i t r o g e n  ox ides 
-- 18 percen t  more v e h i c l e  m i l e s  a re  t r a v e l e d  i n  summer 
than  i n  w i n t e r  (U. S. Environmental P r o t e c t i o n  Agency 1986). 
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Figure 17. Pollutant concentrations in Central City, St. Louis, October 1, 
1976, average of RAMS sites 101, 102, 106, and 107. illustration of photo- 
chemical and ozone scavenging formation of NO,. 
Source: U.S. Environmental Protection Agency (1 982b). 



k) . Approximately 48 percen t  o f  n i t r o g e n  ox ide  
emissions a re  from t r a n s p o r t a t i o n  veh i c l es ,  about 40 per -  
cen t  f rom power p l a n t s ,  and t h e  remain ing 20 pe rcen t  
f rom o t h e r  i n d u s t r i a l ,  commercial, and domestic sources 
(U. S. Envi ronmental P r o t e c t i o n  Agency 1982b). 

i > . Judging from long- term t rends  i n  ernis- 
s ions,  i t  i s  reasonable t o  i n f e r  t h a t  n i t r o g e n  ox ide  
load? ngs i n  f o r e s t  ecosystems have increased markedly i n  
most p a r t s  o f  eas te rn  Nor th  America (Husar 1986) and w i l l  
p robab ly  increase s t i l l  f u r t h e r  w e l l  i n t o  t h e  21s t  cen tu ry  
(U. S. Congress 1984). 

3 )  : As discussed more f u l l y  below, gaseous ozone i s  
found i n  concen t ra t ions  s u f f i c i e n t  t o  cause v i s i b l e  i n j u r y  t o  
vege ta t i on  i n  many p a r t s  o f  eas te rn  No r th  America. For example, 
20 t o  40 ppb f o r  8  hours o r  90 t o  150 ppb f o r  2  hours (see . . 
t a b l e  3) have been repo r ted  i n  many urban f o r e s t s ,  r u r a l  

o i n t  sources, near-urban f o r e s t s ,  r u r a l  
f o r e s t s ,  coas ta l  a n 1  mar i t ime f o r e s t s ,  and i n  h i gh -e leva t i on  
f o r e s t s .  Ozone-induced v i s i b l e  i n j u r i e s  on f o r e s t  t r ees  i n  
var ious  p a r t s  o f  t h e  c o n t i n e n t  a re  w e l l  documented i n  t h e  
pub1 i shed 1  i t e r a t u r e  (U. S. Environmental P r o t e c t i o n  Agency 
1986). 

a) I n  average 7-hour summertime concen- 
t r a t i o n s  o f  ozone a re  o n l y  somewhat lower than those near 
major  urban and r u r a l  p d l  l u t i o n  sources i n  t h e  southern 
Un i t ed  S ta tes - - f o r  example, 30 t o  32 ppb a t  mon i t o r i ng  
s i t e s  i n  t h e  Croatan Na t i ona l  Fores t  i n  Nor th  Caro l ina  and 
DeRidder, LA, compared t o  37 t o  57 ppb a t  26 o the r  s i t e s  
l i s t e d  i n  t a b l e  7 (Evans and o the rs  1983; P inker ton  and 
Lefohn 1986). A t  some o the r  remote s i t e s ,  p a r t i c u l a r l y  a t  
h i g h  e l eva t i ons ,  however, l - h o u r  peak concent ra t ions  o f  
gaseous ozone o f t e n  a re  as h i gh  as those i n  some urban and 
near-urban f o r e s t s .  I n  t h e  Shenandoah Na t i ona l  Park, f o r  
example, peak summertime ozone concent ra t ions  i n  excess o f  
100 ppb were repo r ted  i n  t h e  e a r l y  1960 's  (Ber ry  1964). 
Simi 1  a r l y  h i g h  l - h o u r  peak concent ra t ions  have a1 so been 
observed i n  most years between 1975 and 1984 a t  Whiteface 
Mountain (Lefohn and Mohnen 1986; Mohnen 1987). Fur ther -  
more, ozone shows l i t t l e  d i u r n a l  p e r i o d i c i t y  a t  h i g h  
e l e v a t i o n  s i t e s ;  thus,  h i gh -e leva t i on  f o r e s t s  a re  exposed 
t o  h i gh  concent ra t ions  o f  ozone f o r  many more consecut ive 
hours than  f o r e s t s  i n  low e l e v a t i o n  l oca t i ons .  Seven-hour 
average ozone concent ra t ions  a t  h i gh -e leva t i on  s i t e s  a re  
f r e q u e n t l y  about double t h e  concent ra t ions  o f  low e leva-  
t i o n s  i n  t h e  same geographical  areas (Lefohn and Jones, 
1986; Lefohn and Mohnen 1986). These values a re  substan- 
t i a l l y  g r e a t e r  than t h e  t h resho ld  f o r  v i s i b l e  i n j u r y  by  
ozone--20 t o  40 ppb f o r  8  hours (Lefohn and Tingey 1984; 
U. S. Environmental P r o t e c t i o n  Agency 1986). 



Table 7. Ozone concentrat ions i n  1983 a t  r u r a l  s i t e s  loca ted  more than 50 km from a c i t y  w i t h  a popu la t ion  over 

Number o f  hour l y  
7-hr mean average concentrat ions 
0900- 1559 

Mon i to r ing  A p r i l -  Cumulative Frequency Percent i 1 el! 
S i t e  October 90 95 99 Peak PPR PPm PPm PPm 

VIRGINIA 
Fauquier Co. 
Marion 
Loves M i l l  
B rowntown 
Waynesboro 
Skyland 

NORTH CAROLINA 
Lenoi r 
Alexander Co. 
Edgecornbe Co. 
Farmvi 1 l e  
M a r t i n  Co. 
Johnston Co. 
Montgomery Co. 
Croatan NF 

SOUTH CAROLINA 
Chester Co. 

TENNESSEE 
G i l e s  Co. 

KENTUCKY 
Calloway Co. 
Land between Lakes 
F u l t o n  Co. 
R u s s e l l v i l l e  
Paradise 
Metca l f  Go. 
Pulask i  Co. 
Clay Go. 
Prestonburg 

LOUISIANA 
OeR i dder 
Gal 1 i ano 
Morgan C i t y  

Source: P inker ton and Lefohn (1986). 



b)  I n  many r u r a l  f o r e s t s  more than  50 km from a  c i t y  w i t h  a  
popul a t i o n  over  50,000 i n t h e  Southeastern Un i t ed  S ta tes ,  
7-hour average ozone concent ra t ions  i n  t h e  summer months o f  
1983 ranged from 50 t o  70 ppb w i t h  I - hou r  peak concentra- 
t i o n s  sometimes exceeding 100 o r  even 120 ppb (see t a b l e  7) 
(P inker ton  and Lefohn 1986). 

c )  Al though t h e  7-hour average concent ra t ions  i n  many urban 
f o r e s t s ,  near-urban f o r e s t s ,  and some r u r a l  f o r e s t s  
near major p o i n t  sources (see t a b l e  8) were about t h e  
same as those repo r ted  f o r  r u r a l  f o r e s t s  (see t a b l e  7 ) ,  
t h i s  i s  n o t  t r u e  o f  t h e  h i ghes t  1 -h r  peak concent ra t ions .  
For example, t h e  data o f  t a b l e  8  show t h a t  7-hour average 
summertime ozone concent ra t ions  f o r  a  s e l e c t i o n  o f  south- 
eas te rn  urban areas ranged from about 40 t o  60 ppb--about 
t h e  same as t h e  50 t o  70 ppb shown f o r  southeastern r u r a l  
f o r e s t s  i n  t a b l e  8. But  these same urban areas showed 
1-hour peak concent ra t ions  i n  1983 between 150 and 200 ppb 
-- s u b s t a n t i a l l y  h i ghe r  than  t h e  102 t o  143 ppb shown f o r  
r u r a l  f o r e s t s  i n  t a b l e  8. The da ta  i n  t a b l e  8  a l s o  show 
t h a t  t he  s i x  mon i t o r i ng  s i t e s  i n  Washington, DC, had ozone 
concent ra t ions  t h a t  exceeded 100 ppb f o r  as l ong  as 42 t o  
250 hours. S i m i l a r l y ,  t h e  two s i t e s  i n  A t l a n t a ,  GA, and 
N o r f o l k ,  VA, and t h e  t h ree  s i t e s  i n  L o u i s v i l l e ,  KY, and 
Cha r l o t t e ,  NC, had ozone concent ra t ions  t h a t  exceeded 
100 ppb f o r  as l ong  as 122 t o  134 hours, 74 t o  97 hours, 47 
t o  167 hours, and 26 t o  133 hours, r e s p e c t i v e l y  (P inker ton  
and Lefohn 1986). The 1980-85 Environmental P r o t e c t i o n  
Agency SAROAD da ta  f o r  r u r a l  s i t e s  i n  t h e  nor theas te rn  and 
midwestern States showed average and maximum concent ra t ions  
t h a t  were s i m i l a r  t o  those measured i n  t h e  southeastern 
States.  Un fo r t una te l y ,  however, t h e  number o f  s i t e s  i n  t h e  
southern S ta tes  was much sma l le r  than  those i n  t h e  no r th -  
eas te rn  and midwestern States (Evans and o thers  1983). 

d) Regional v a r i a b i l i t y .  The h ighes t  1-hour peak concentra- 
t i o n s  o f  ozone i n  t h e  Eastern Un i t ed  States occur i n  New 
England, t h e  m i d - A t l a n t i c  States,  and t h e  G u l f  Coast. From 
1981 t o  1983, peak concent ra t ions  o f  170 ppb, 180 ppb, 
250 ppb, and 280 ppb were repo r ted  f o r  Rale igh,  NC; Boston, 
MA; Newark, NJ; and Houston, TX, r e s p e c t i v e l y  (U.S. 
Environmental P r o t e c t i o n  Agency 1986). 

The h i g h  concent ra t ions  o f  ozone t h a t  accumul a t e  i n  urban, near-urban, 
r u r a l ,  and even h igh -e leva t i on  areas a re  ma in ly  assoc ia ted  w i t h  s i g n i f i c a n t  
emissions o f  v o l a t i l e  o rgan ic  compounds and n i t r o g e n  ox ide  p recursors .  
Secondary p o l l u t a n t s  such as ozone and o t h e r  photochemical ox idan ts  o f t e n  a re  
n o t  formed u n t i l  approx imate ly  1 day a f t e r  emiss ion o f  t h e i r  precursors .  These 
h i g h  concent ra t ions  o f  ozone can be t r anspo r ted  over  d is tances  o f  100 t o  
300 km, d u r i n g  which t ime such a i r  masses can p i c k  up a d d i t i o n a l  ozone as t hey  
t r a v e l  over  o t h e r  urban areas. For example, t r a n s p o r t  o f  h i g h  concent ra t ions  
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o f  ozone from t h e  western G u l f  Coast area t o  t h e  midwestern and t he  no r th -  
eas te rn  S ta tes  has been observed (Wo l f f  and L i o y  1980). Under s i m i l a r  meteor- 
o l o g i c a l  cond i t i ons ,  t r a n s p o r t  o f  h i g h  concent ra t ions  o f  ozone from t h e  New 
York,  Ph i l ade lph ia ,  and Washington, DC, c o r r i d o r  i n t o  V i r g i n i a ,  West V i r g i n i a ,  
western Pennsylvania,  and Ohio has been repo r ted  (Fankhauser 1976). 

For a l l  o f  t h e  above reasons, t r a n s p o r t  o f  ozone and o t h e r  p o l l u t a n t s  f rom 
urban and i n d u s t r i a l  i z e d  areas t o  near-urban, r u r a l ,  and even h igh -e leva t i on  
f o r e s t s  i s  t h e  most impor tan t  f a c t o r  de te rmin ing  ozone exposure o f  f o r e s t s  
throughout  eas te rn  Nor th  America. The h ighes t  ozone concent ra t ions  occur  i n 
summer and f a l l  when s u n l i g h t  i s  most i n t ense  and s tagnant  meteoro log ica l  
c o n d i t i o n s  augment t h e  cond i t i ons  necessary f o r  fo rmat ion  and accumulat ion o f  
ozone. 

e) D iu rna l  v a r i a b i l i t y .  The p a t t e r n s  o f  ozone occurrence i n  
ambient a i r  depend on d a i l y  and seasonal v a r i a t i o n s  i n  t h e  
concent ra t ions  o f  p recursor  chemicals i n  t h e  a i r ,  t h e  
ambient temperature,  and t h e  i n t e n s i t y  o f  s u n l i g h t .  I n  
most urban areas i n  eas te rn  Nor th  America, t h e  t y p i c a l  
d i u r n a l  p a t t e r n  (observed a t  urban, near-urban, and r u r a l  
mon i t o r i ng  s i t e s )  has a  minimum ozone concen t ra t i on  near  
zero. Th i  s  occurs around s u n r i  se, then i ncreases through 
t h e  morning t o  an e a r l y  a f t e rnoon  peak concent ra t ion ,  and 
f i n a l l y  decreases toward minimal concen t ra t i on  again i n  t h e  
evening ( f i g .  18). Thus, h i g h  concent ra t ions  o f  ozone 
may occur f o r  6 t o  10 hours p e r  day. 

An impor tan t  v a r i a t i o n  on t h i s  bas ic  d i u r n a l  theme occurs when a  secondary 
peak appears i n  a d d i t i o n  t o  t h e  p r imary  e a r l y  a f te rnoon peak. Th is  secondary 
peak occurs o n l y  i n  some l o c a l i t i e s .  It may occur any t ime from mid-af ternoon 
t o  t h e  middle o f  t h e  n i g h t .  It i s  a t t r i b u t e d  t o  ozone t r anspo r ted  from an 
upwind area where h i gh  concent ra t ions  accumulated e a r l i e r  i n  t h e  day. Secon- 
dary  peak concent ra t ions  may be h igher  than those i n  t h e  p r imary  peak. For  
example, a t  one r u r a l  s i t e  i n  Massachusetts, p r imary  peak concent ra t ions  o f  
approx imate ly  110 ppb, 140 ppb, and 140 ppb occurred a t  noon, o r  from noon t o  
4  p.m. , r e s p e c t i v e l y ,  on 3 successive days. Secondary peaks a t  those same 
s i t e s  f o r  t h e  same 3 days were 150 ppb, 157 ppb, and 130 ppb; these occur red  
a t  6: 00 p.m. , 8: 00 p.m. , and 8: 00 p.m. , r e s p e c t i v e l y  ( f i g .  19) (U. S. Env i ron-  
mental P r o t e c t i o n  Agency 1986). 

H igh-e leva t ion  f o r e s t s  o f t e n  exper ience no impor tan t  d i u r n a l  v a r i a b i l i t y .  
Th i s  i s  i n  d i s t i n c t  c o n t r a s t  t o  t h e  p a t t e r n  i n  l o w - a l t i t u d e  f o r e s t s .  One s tudy  
a t  a  r u r a l  s i t e  i n  New Jersey cha rac te r i zed  ozone concent ra t ions  a long  an 
e l e v a t i o n  g r a d i e n t  (see f i g .  20) (Wo l f f  and o thers  1987). Peak ozone concen- 
t r a t i o n s  were s i m i l a r  a t  each e l e v a t i o n ,  b u t  t h e  lower concen t ra t ions  inc reased  
w i t h  e l eva t i on .  Ozone concent ra t ions  a t  t h i s  s i t e  v a r i e d  du r i ng  t h e  day by as 
much as 100 ppb. 

f 1 . Dur ing  episodes o f  h i gh  ozone 
concent ra t ion ,  d i u r n a l  p a t t e r n s  may vary  f rom day t o  day 
w i t h  peaks o c c u r r i n g  a t  any t ime d u r i n g  t h e  day o r  n i g h t .  
A t  many mon i t o r i ng  s i t e s  throughout  eas te rn  Nor th  America, 



0.19 
0.18 
0.17 
0.16 

% 0.16 
0.14 8 0.13 

p 0.12 
0.11 
0.10 

y 0.0s 
z 0.m 
0 0.07 
(: 0.08 

0.06 
8 0.04 
O 0.03 

0.02 
0.01 

0 
121 2 3 4 5 6 7 8 91011 t 1 2 3 4 5 6 7 8 91011 

NOON 
+-a.m. HOUR OF DAY- p.m. 4 

Figure 18. Diurnal pattern of I -hour ozone concentrations on July 13, 1979, 
Philadelphia, PA. 
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Figure 1 9. Three-day sequence of hourly ozone concentrations at 
Montague, MA, SURE station showing locally generated midday peaks 
and transported late peaks. 
Source: U.S. Environmental Protection Agency (1 986). 
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Figure 20. Ozone concentrations from July 21-24, 1975, at three 
altitudes at High Point. NJ. 
Source: Wolff and others (1 987). 



episodes s f  high csncentrat ions of ozone occur more f r e -  
quently than episodes of h i g h  su l fu r  dioxide o r  nitrogen 
oxide concentrations. 

4 )  
of SO,, 

NOx, and 0, have been invest igated a t  30 monitoring s i t e s  in the 
Eastern United S ta tes .  During 1978-81, co-occurrences of 
concentrations s f  > 58 ppb of a l l  three  pol lu tants  were observed 
very r a r e l y ,  i  . e .  , < 1 . 5  percent o f  the monitoring hours 
analyzed (tefohn and lingey 1984). This was a l so  t rue  f o r  
co-occurrences of NOr and O3 and NOx and S O 2 .  B u t  SO2 and O3 
co-occurred about 30 percent of the time. Sulfur dioxide and 
O3 co-occurred because O 3  was very often present a t  concentra- 
t ions  greater  than 50 ppb, and SO2 concentrations greater  than 
50 ppb occurred per iodical ly  (Lefohn and Tingey 1984). 
Scavenging of NOx during the formation of ozone explains why 
NOx and ozone ra re ly  occur together--NOx concentrations a r e  
usually lowest during the day when ozone concentrations a r e  
usual l y  highest (see  f i g .  19)  (U. 5. Envi ronmental Protection 
Agency 4986). 

Concentrations of P A N ,  PPN, hydrogen peroxide, ammonia, 
nitrogen oxides, and other oxidant gases usually are  lower 
than concentrations o f  ozone and su l fu r  dioxide but in some 
areas may equal t h e m ,  Concentrations of these other 
oxidants including PAN and PPN are  usually below the  
detect ion l imi t s  of most avai lable  monitoring instruments. 
The reason f o r  considering these pol lu tants  in t h i s  chapter 
i s  the p o s s i b i l i t y  t h a t  they co-occur with other airborne 
pol lu tant  chemicab with which they may cause addi t ive  o r  
synergis t ic  e f f e c t s  on vegetation. 

PAN and PPN concentrations typ ica l ly  occur a t  about 4 t o  
12  percent and 1 t o  2 percent ,  respect ively ,  of the ozone 
concentrations ad any given loca%ion (Al tshul ler  1986; 
U.S. Environmental Protection Agency 1986). There are  no 
avai lable  measurements o f  PAN or  PPM f o r  the Southeastern 
United Sta tes .  I f  we use the  above percentages t o  convert 
measurements of ozone concentration do estimate PAN and 
PPN concentrations however, PAM and PPN in combination 
may occur a t  ?-hour average concentrations of 8 t o  2 1  ppb. 

c )  Only since 1984 have gas-phase concentrations of H202 been 
measured re l i ab ly .  Available data suggest t h a t  maximum 
hydrogen peroxide concenlrat?'ons occur i n  summer in the  
EasLern United S ta tes .  Measurements a t  Whiteface Mountain, 
NY, and Whitetop Mountain, VA, indica te  l-hour peak concen- 
t r a t i o n s  of 60 and 80 ppb, respectively ( f i g .  21) (Hei kes 
and others 1987; Mohnen 1989). 
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d)  Only very sparse data f o r  ammonia and n i t r i c  a c i d  exposure 
are ava i l ab le ,  Measurements o f  ammonia and n i t r i c  a c i d  a t  
th ree  southeastern s i t e s  averaged approximately 1 t o  3 ppb 
and t l  ppb, respec t i ve l y ;  i n  many o the r  s tudies,  concen- 
t r a t i o n s  were u s u a l l y  below t h e  de tec t i on  l i s l i t s  f o r  t h e  
instruments used (Cadle and o thers  1982; K e l l y  and o thers  
1984). Possi b l  e  co-occurrence o f  these conupczunds w i t h  
o ther  a i rborne p o l l u t a n t  chemicals cannot be described frm 
these few measurements. 

Acid deposi t ion:  The a c i d i t y  o f  p r e c i p i t a t i o n  and c loud water 
(hydrogen i o n  concentrat ion,  u s u a l l y  expressed as pH) i s  deter-  
mined by the  balance among a1 1 the  a i rborne ca t i ons  and anions 
d isso lved i n  these components o f  wet deposi t ion.  S i m i l a r l y ,  t h e  
a c i d i f y i n g  e f f e c t s  on f o r e s t  ecosystems o f  a l l  t h e  a i rborne 
gases, aerosols, and d isso lved and suspended substances i n  
p r e c i p i t a t i o n  and c loud water a re  determined by the  balance 
among the  a i rborne ca t i ons  and anions t r a n s f e r r e d  from t h e  
atmosphere, and the  exchange and t rans format ion  processes t h a t  
take p lace w i t h  the  above- -and below-ground par ts -  o f  t he  p l a n t s  
and so i  1 s  o f  the  fqrest., Thus+ t h e ~ r i n c i p $ l  a c i d i t y  d-eterrnio- - 
ing, ions inc lude K , Na , WH4 , Ca , Mg , C1 , NO3 , SO4 , 
PO4-. Among these, ammonium and hydrogen are  the  most important  
ca t ions ,  wh i l e  s u l f a t e ,  n i t r a t e ,  and occas iona l ly  c h l o r i d e  are 
the  most important  anions. Ammonium i o n  has a d i s t i n c t i v e  r o l e  
s ince i t  i s  i t s  e f f e c t s  i n  p r e c i p i t a t i o n  and 
c loud water i n  i t s  e f f e c t s  when taken up by 
p lan ts ,  animals, and microorganisms i n  f o r e s t  ecosystems. 

a) To ta l  loading. The t o t a l  load ing  o f  s u l f a t e ,  n i t r a t e ,  
ammonium, and hydrogen ions  i n t o  f o r e s t  ecosystems i s  
determined by t h e  w e t  and d ry  depos i t ion  o f  f i v e  types o f  
substances, the  f i r s t  f o u r  o f  which undergo conversion and 
d i s s o l u t i o n  processes as soon as they contac t  the  mois t  
surfaces o f  p lan ts ,  animals, microorganisms, so i  1 s, rocks, 
and water f i l m s ,  d rop le ts ,  and pools: 

Gaseous s u l f u r  d iox ide  i s  f u r t h e r  ox id ized t o  s u l f a t e  
ions i n  so lu t i on ;  

Gaseous n i t rogen  oxides (NO, and NO), PAN, PPN, and 
n i t r i c  a c i d  vapor are a l l  f u r t h e r  ox id ized t o  n i t r a t e  
ions i n  so lu t i on ;  

* Gaseous ammonia i s  f i r s t  d isso lved i n  water and then 
d i  ssoci ated i nto  ammoni um ions i n so l  u t i  on; 

Airborne aqueous o r  d ry  aerosols (which cons i s t  mainly o f  
ammoni um n i t r a t e ,  ammoni um su l  f a t e ,  and ammoni urn a c i d  s u l f a t e )  
d isso lve  and then d i ssoc ia te  i n t o  a mix ture  o f  s u l f a t e ,  
n i t r a t e ,  ammonium, and hydrogen ions i n  so lu t i on ;  and a l l  
o f  t he  above are mixed w i t h  
c loud water and p r e c i p i t a t i o n  t h a t  a l ready conta in  a 
mixture o f  s u l f a t e ,  n i t r a t e ,  ammonium, and hydrogen ions  i n  
so lu t i on .  



If the gases and aerosols l i s t ed  above are deposited on t ruly  moisture- 
f ree  surfaces,  i t  will s t i f f  be only a shor t  time (usually only a few hours or 
days) before these surfaces will be wetted by dew, by precipi ta t ion,  or by fog 
or cloud water. Thus, the end-products o f  a l l  these dissolution,  dissociation,  
and mixing reactions will be incorporated into the soi l  solution or into the 
moisture t ha t  bathes the above-ground portions of the plants ,  animals, microor- 
ganisms, soi l  par t ic les ,  and rocks of forest  ecosystems. The su l fa te ,  n i t r a t e ,  
ammonium, hydrogen, and other cations and anions in these solutions will then 
be f ree  t o  diffuse: 

* through stomata, cu t ic le ,  cel l  walls, and cel l  
membranes on the i r  way into the cytoplasm of leaves of 
t rees  and other Porest planls,  or 

* into the soi l  pores, soi l  col loids ,  cel l  walls, cel l  
membranes, and on into the cytoplasm of the f ine 
feeder roots or  wcorrhizae of forest  vegetation. 

cations and anions in precipitation are  made weekly - a t  
wet-deposi t i  on moni t o r i  ng s i t e s  in various parts of North 
America (NADP 1985). A t  present there are about 200 such 
s i t e s  in the United States and about 60 in Canada. Thus, 
re l iable  maps are now available describing the geographi- 
c a l ,  seasonal, and multi-year var iab i l i ty  in the concen- 
t ra t ion  and deposition of su l fa te ,  n i t r a t e ,  ammonium, 
hydrogen, and other ions in precipitation (see f igs .  22 
through 25).  Year-to-year var iab i l i ty  in these maps for 
both concentration and deposition i s fa i  r ly  small ; thus, 
the maps shown in these figures for  1985 are  representative 
of the concentration and deposition of these ions in 
precipitation in various parts of eastern North America in 
the years between 1980 and 1986. 

These maps show the following regional trends in concentration and 
deposition in precipitation across eastern North America: 

.) Sul f a t e  concentration in precipitation varied f rom a 
maximum of about 3 milligrams per l i t e r  in portions of 
Ohio, Pennsylvania, and Ontario and decreased progressively 
to  less  than 1 mg/L in portions of Quebec and Ontario to  
the novth and North Dakota and Texas t o  the west, and t o  
between 1 and 1 . 5  milligrams per l i t e r  across the South- 
eastern States (see f ig .  22a). 

(r in precipitation varied from a maximum 
of about 35 kiloqrams per hectare in northern Ohio, and 
decreased progre;sively to  l ess than 10 ki l ograms per 
hectare in portions of Quebec and Ontario t o  the north and 
the States between North Dakota and Texas to  the west, and 
to  between 10 and 20 kilograms per hectare across the 
southern States (see f ig .  22b). 
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Figure 22. The 1985 annual distribution of SO,": (a) concentration and 
(b) deposition. Contour intervals are (a) 0.5 rng/L and (b) 0.5 g/rn2. 

Source: Barchet (1 987). 
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Figure 23. The 1985 annual distribution of NO;: (a) concentration and 
(b) deposition contour intervals are (a) 0.5 rng/L and (b) 0.5 g/m2. 
Source: Barchet (1 987). 



Figure 24. The 1985 annual distribution of NH,+: (a) concentration and 
(b) deposition. Contour intervals are (a) (0.1 mg/L and (b) 0.1 g/rn2. 

Source: Barchet (1 987). 



1986 Annual 

Figure 25. The 1985 annual distribution of (a) precipitation - weighted 
pH and (b) H+ deposition. Contour intervals are (a) 0.2 pH units and (b) 
20 mg/m2. 

Source: Barchet (1 987). 



. N i t r a t e  concen t ra t i on  i n  p r e c i p i t a t i o n  v a r i e d  from a  
maximum o f  about 2  mg/L i n  p o r t i o n s  o f  Michigan, Onta r io ,  
and New York, and decreased p r o g r e s s i v e l y  t o  l ess  t han  
I mg/L i n  p o r t i o n s  o f  Quebec and On ta r i o  t o  t h e  nor th ,  t h e  
S ta tes  between Minnesota and Kansas t o  t h e  west, and t h e  
States between Arkansas and No r th  Ca ro l i na  t o  t h e  sou th  
(see f i g .  233). 

N i t r a t e  depos i t i on  i n  p r e c i p i t a t i o n  v a r i e d  from a  maximum 
o f  about 20 k i lograms p e r  hec ta re  i n  no r t he rn  Ohio, and 
decreased progress ive1 y t o  1  ess than 10 k i  1  ograms p e r  
hec ta re  i n  p o r t i o n s  o f  Quebec and On ta r i o  t o  t h e  nor th ,  t h e  
S ta tes  between Minnesota and Oklahoma t o  t h e  west, and t h e  
S ta tes  between Arkansas and Nor th  Ca ro l i na  t o  t h e  sou th  
(see F ig .  23b). 

. Ammoni um concen t ra t i on  i n  p r e c i p i t a t i o n  v a r i e d  from a  
maximum o f  about 0.5 m i l l i g r a m s  per  l i t e r  i n  p o r t i o n s  o f  
Mich igan and Ontar io ,  and decreased p r o g r e s s i v e l y  t o  1  ess 
than  0.2 m i l  1  igrams per  l i t e r  i n  por ' t ions o f  Quebec and 
On ta r i o  t o  t h e  no r th ,  t h e  S ta tes  between Nor th  Dakota and 
Colorado t o  t h e  west, and t h e  States between Texas and 
Nor th  Ca ro l i na  t o  t h e  south (see f i g .  24a). 

Ammonium depos i t i on  i n  p r e c i p i t a t i o n  v a r i e d  from a  maximum 
o f  about 5 k i lograms p e r  hec ta re  i n  p o r t i o n s  o f  Ohio and 
Ontar io ,  and decreased p r o g r e s s i v e l y  t o  l e s s  t han  
1 k i log ram pe r  hec ta re  i n  p o r t i o n s  o f  Quebec and On ta r i o  t o  
t h e  no r th ,  t h e  States between Nor th  Dakota and west Texas 
t o  t h e  west, and t o  l e s s  than  2  k i lograms pe r  hec ta re  
across t h e  Southeastern S ta tes  (see f i g .  24b). 

The volume-weighted average pH o f  p r e c i p i t a t i o n  v a r i e d  from 
a  minimvm o f  about 4.2 i n  p o r t i o n s  o f  Pennsylvania, Ohio, 
and West V i r g i n i a  t o  a maximum o f  above 4.5 i n  p o r t i o n s  o f  
On ta r i o  and Quebec t o  t h e  no r th ,  a maximum o f  5.0 i n  t h e  
States between Minnesota and Texas t o  t h e  west, and a  
maximum between 4.4 and 4.8 across t h e  southern States (see 
f i g .  25a). 

i n  p r e c i p i t a t i o n  v a r i e d  from a  
maximum o f  about 600 grams p e r  hec ta re  i n  p o r t i o n s  o f  
Pennsylvania, Ohio, and west V i r g i n i a ,  and decreased 
p r o g r e s s i v e l y  t o  l e s s  than  200 grams pe r  hectare i n  
p o r t i o n s  o f  Quebec and On ta r i o  t o  t h e  no r th ,  l e s s  than  
IOQ grams per hec ta re  i n  t h e  S ta tes  between Minnesota and 
Texas t o  t h e  west, and t o  between 200 and 400 grams p e r  
hec ta re  across t h e  southern S ta tes  (see f i g .  25b). 

I n  genera l ,  s u l f a t e  concen t ra t ions  a re  g r e a t e r  i n  summer than i n  w i n t e r .  
I n  a  broad band extending from New England southwestward a long  bo th  t h e  eas te rn  
and western s ides  o f  t h e  Appalachian Mountains as f a r  as western No r th  



Carol  ina ,  t h e  r a t i o  o f  summertime t o  w i n t e r t i m e  s u l f a t e  concen t ra t i on  i s  
g r e a t e r  than  two t o  one. 

Wet d e p o s i t i o n  o f  s u l f a t e  i n  p r e c i p i t a t i o n  i n  warm per iods  i s  h i g h l y  
ep i sod i c  -- 50 t o  70 pe rcen t  o f  t h e  t o t a l  annual d e p o s i t i o n  o f  s u l f a t e  occurs 
i n  about 20 percen t  o f  t h e  t o t a l  days (Summers and o thers  1986). 

Wet d e p o s i t i o n  o f  n i t r a t e  i ons  i n  p r e c i p i t a t i o n  i s  a l s o  h i g h l y  ep i sod i c  -- 
50 t o  70 percen t  o f  t h e  t o t a l  annual depos i t i on  o f  n i t r a t e  occurs on about 
20 pe rcen t  o f  t h e  t o t a l  days p e r  year .  High n i t r a t e  d e p o s i t i o n  occurs more 
o f t e n  i n  warm than  i n  cool  per iods ,  b u t  does n o t  show as s t r ong  seasonal 
dependence as s u l f a t e  depos i t i on  (Summers and o thers  1986). 

S u l f a t e  and n i t r a t e  concen t ra t ions  i n  c loudwater  have been measured a t  a  
few h igh -e leva t i on  s i t e s  i n  t h e  no r theas te rn  S ta tes  and i n  V i r g i n i a .  I n  1984, 
s u l f a t e  concen t ra t ions  ranged from about 930 t o  1850 mic roequ iva len ts  per  
l i t e r ,  w h i l e  n i t r a t e  concen t ra t ions  i n  1984 ranged from about 190 t o  900 micro-  
equ i va len t s  p e r  1  i t e r  (Weathers and o the rs  1986). High e l e v a t i o n  f o r e s t s  i n  
t h e  no r the rn  and southern Appalachian Mountains a re  immersed i n  c louds on more 
than  ha1 f t h e  t o t a l  days pe r  yea r  (Mohnen 1987). 

The pH o f  c loudwater  i n  bo th  t h e  nor theas te rn  and southeastern S ta tes  
t y p i c a l l y  averaged 3.5,  w i t h  h i g h l y  a c i d i c  events o f  around pH 2.6 (Mohnen 
1987; Weathers and o the rs  1986). 

Regional v a r i a b i l i t y  i n  d r y  d e p o s i t i o n  o f  s u l f a t e ,  n i t r a t e ,  
ammonium, and hydrogen ions.  I n  c o n t r a s t  t o  t h e  s i t u a t i o n  
f o r  wet depos i t i on ,  no r e l i a b l e  measurements o f  r eg iona l  
v a r i a b i l i t y  i n  d r y  d e p o s i t i o n  o f  gases and aerosols  l ead ing  
t o  t h e  accumulat ion o f  s u l f a t e ,  n i t r a t e ,  ammoni um, and 
hydrogen ions  i n  f o r e s t  ecosystems have been made i n  Nor th  
America. The fragmentary i n f o r m a t i o n  t h a t  i s  a v a i l a b l e  i s  
based ma in ly  on shor t - te rm s tud ies  i n  a  few s p e c i f i c  
l o c a t i o n s  and on ambient a i r  qua1 i t y  mon i to rs  es tab l  i shed  
ma in ly  i n  urban areas. The amounts o f  gases and aerosols  
p resen t  i n  t h e  atmosphere o f  most r u r a l ,  h i gh -e leva t i on  - 

remote, and even many near-urban l o c a t i o n s  a re  so low t h a t  
they  a re  a t  o r  below t h e  d e t e c t i o n  l i m i t s  f o r  t h e  mon i to rs  
t h a t  a re  used. These inst ruments were designed and 
i n s t a l  1  ed ma in ly  f o r  t h e  purpose o f  i n s u r i n g  compl i ance 
w i t h  human-health-related a i r  q u a l i t y  mon i t o r i ng  i n  c i t i e s .  
Thus, these da ta  cannot be used t o  g i v e  r e l i a b l e  est imates 
o f  a i r  concen t ra t ions  o r  d r y  d e p o s i t i o n  o f  s u l f a t e ,  n i t r a t e ,  
ammonium, and hydrogen ions.  

The o n l y  d i r e c t  measurements o f  t h e  reg iona l  d i s t r i b u t i o n  o f  gaseous 
s u l f u r  d i o x i d e  and s u l f a t e  aerosol  were made i n  1977-78 d u r i n g  t h e  S u l f a t e  
Regional Experiment conducted by t h e  E l e c t r i c  Power Research I n s t i t u t e .  As 
shown i n  f i g u r e  15: 



Gaseous s u l f u r  d i o x i d e  concent ra t ions  v a r i e d  from an 
a r i t h m e t i c  1-hour average o f  about 20 ppb i n  p o r t i o n s  o f  
West V i r g i n i a  and Pennsylvania, t o  l e s s  than 10 ppb i n  
On ta r i o  and New England t o  t h e  no r th ,  p o r t i o n s  o f  Mich igan 
and I l l i n o i s  t o  t h e  west, and almost a l l  o f  t h e  southern 
S ta tes  t o  t h e  south (see f i g .  15a); 

S u l f a t e  aerosol  concen t ra t ions  decreased from a  maximum 
geometr ic 24-hour average o f  about 8 micrograms pe r  cub i c  
meter i n  p o r t i o n s  o f  A1 abama, Kentucky, and Pennsylvania,  
t o  a  minimum o f  l e s s  than  4  micrograms pe r  cub ic  meter i n  
New England and On ta r i o  t o  t h e  no r th ,  t h e  S ta tes  between 
Wisconsin and Missour i  t o  t h e  west, and t o  l e s s  t han  
6 micrograms pe r  cub ic  meter i n  t h e  G u l f  and A t l a n t i c  Coast 
S ta tes  (see f i g u r e  15b) (Mue l le r  and Hidy 1983). 

Thus, s u l f a t e  aerosol  i s  more u n i f o r m l y  d i s t r i b u t e d ,  on t h e  average, t han  
s u l  f u r  d i ox i de ,  i t s  gaseous p recursor .  The more un i f o rm  d i s t r i b u t i o n  r e s u l t s  
f rom t h e  d i spe rs i on ,  m ix ing ,  and long-d is tance  t r a n s p o r t  o f  s u l f u r  d i o x i d e  
d u r i n g  i t s  convers ion t o  s u l f a t e  (Mue l le r  and Hidy 1983). High concent ra t ions  
o f  s u l f a t e  aerosol  f r e q u e n t l y  accumulate i n  s tagnant  a i r  masses as s u l f u r  
d i o x i d e  i s  conver ted t o  s u l f a t e  aerosol .  These h i g h  s u l f a t e  episodes sometimes 
p e r s i s t .  f o r  severa l  days and extend over l a r g e  areas o f  eas te rn  Nor th  America 
(Muel l e r  and H idy  1983). 

Un fo r t una te l y ,  s i m i l a r l y  r e l i a b l e  da ta  f o r  gaseous n i t r o g e n  ox ides and 
n i t r a t e  aerosol  a re  n o t  a v a i l a b l e .  

I n  theory ,  i t  should be p o s s i b l e  t o  c a l c u l a t e  t h e  amounts o f  s u l f a t e ,  
n i t r a t e ,  ammonium, and hydrogen i ons  t r a n s f e r r e d  from t h e  atmosphere i n t o  
f o r e s t  ecosystems i n  va r i ous  reg ions  o f  Nor th  America by m u l t i p l y i n g  t h e  va lues 
f o r  r eg iona l  measurements o f  t h e  a i r  concen t ra t i on  o f  gases and aerosols  by  t h e  
h i g h e s t  and lowes t  reasonable est imates o f  t h e  d e p o s i t i o n  v e l o c i t y  f o r  these 
substances. Such broad reg iona l  est imates o f  d r y  depos i t i on  o f  gases and 
aeroso ls  have n o t  found wide acceptance, however (Hicks 1984). 



4. EFFECTS OF AIRBORNE SULFUR- AND NITROGREN-DERIVED POLLUTANT 
CHEMICALS ON FOREST ECOSYSTEMS OF EASTERN NORTH AMERICA 

4 . 1  
C l  imate? 
Mature f o r e s t  ecosystems are  seldom s tab le ,  t h e r e f o r e ,  assessing ecosystem 

responses t o  s t resses  i s ext remely  d i  f f  i c u l  t. They mai n t a i  n themsel ves i n an 
o s c i l l a t i n g  steady s t a t e  cha rac te r i zed  by t h e  cont inuous e l i m i n a t i o n  o f  
suppressed and o l d  t r e e s  and t h e  a d d i t i o n  o f  new ones. In tense  compe t i t i on  
among t r e e s  f o r  l i g h t ,  water,  n u t r i e n t s ,  and space, as w e l l  as r e c u r r e n t  
n a t u r a l  c l i m a t i c  and b i o l o g i c a l  s t resses  (such as those c i t e d  below), a l t e r  t h e  
species composi t ion o f  mature f o r e s t s  by e l i m i n a t i n g  those i n d i v i d u a l s  sens i -  
t i v e  t o  s p e c i f i c  s t resses.  Compet i t ion among t r e e s  o f  t h e  same species does 
n o t  a f f e c t  t h e  composi t ion o f  stands and does n o t  i n f l u e n c e  species succession. 
Compet i t ion among d i f f e r e n t  species,  however, r e s u l t s  i n  succession and u l t i -  
mate ly  produces a mature f o r e s t  w i t h  f o r e s t  t r e e s  and o the r  p l a n t  species 
hav ing a capac i t y  t o  t o l e r a t e  t h e  compe t i t i ona l  s t resses  (Kozlowski 1980; 
Kozlowski  and Cons tan t in idou  1986a). Succession, un less t h e r e  i s  a cata-  
s t r o p h i c  d is tu rbance ,  can take  100 t o  1000 years.  

I n  a mature f o r e s t ,  a m i l d  d is tu rbance  has l i t t l e  e f f e c t  on i t s  o s c i l l a t i n g  
steady s t a t e .  However, i f  i n j u r y  o r  d is tu rbance ,  whether f rom a i r  p o l l u t i o n  o r  
o t h e r  s t resses ,  leads t o  changes i n  t h e  species composi t ion o f  t h e  f o r e s t  
severe enough t o  d i s r u p t  food chains and modi fy  t h e  r a t e s  o f  energy f l o w  and 
n u t r i e n t  c y c l i n g ,  succession may be re tu rned  t o  an e a r l i e r ,  l ess  complex, 
success ional  stage (Bormann 1985; Wosdwell 1970). 

Ecosystems respond t o  changes i n  t h e i r  environment through t h e  organisms 
t h a t  comprise them. Fores t  ecosystem responses t o  s t r e s s  beg in  w i t h  t h e  
i n t e r a c t i o n  o f  t h e  i n d i v i d u a l  organism w i t h  i t s  environment. Three l e v e l s  o f  
i n t e r a c t i o n  a re  invo lved :  (1) between t h e  i n d i v i d u a l  t r e e  and i t s  environment; 
(2) between t h e  p o p u l a t i o n  and i t s  environment; and (3) between t h e  f o r e s t  ( t h e  
b i o l o g i c a l  community composed o f  many species) and i t s  environment ( B i l l i n g s  
1978). 

I n  most ecosystems, t h e  p r i n c i p a l  i n t e r a c t i o n  among species i s  compe t i t i on  
f o r  resources. I n  t h e i r  s t r u g g l e  f o r  ex is tence ,  f o r e s t  t r e e s  a re  c o n t i n u a l l y  
undergoi  ng one o r  more o f  t h e  f o l  1 owing n a t u r a l  environmental  s t resses  (Woodman 
and Cowl ing 1987): 

1. Natura l  s t resses.  These occur whenever t r ees  
compete w i t h  each o t h e r  o r  w i t h  o the r  p l a n t s  f o r  l i m i t e d  sup- 
p l i e s  o f  growing space, s o l a r  r a d i a t i o n ,  water  and/or e s s e n t i a l  
n u t r i e n t s  f rom t h e  same s o i  1 o r  m i c roc l  imate. Competi t i o n a l  
s t resses  a re  t h e  dominant cause o f  low v i g o r ,  poor  growth, and 
death o f  t r e e s  i n  most f o r e s t s .  More t r e e s  d i e  o f  competi- 
t i o n a l  s t resses  than  from a l l  o t h e r  s t resses  combined (Woodman 
and Cowl ing 1987); 



2. Natural climate s t resses .  These include extremes of high and 
low temperature, drought, flooding, low humidity, and high winds. 
Water s t r e s s  i s  the most common cause of decreased growth, low 
vigor, premature loss of fol iage, and mortal i  t y  (Kramer 1983). 
Temperature and the ava i lab i l i ty  of water have the qreates t  
impact on growth in the northern hemisphere (Osmond and others 
1987) ; 

3. Natural biological s t resses .  These include parasi t ic  and 
pathogenic fungi, insects ,  nematodes, bacteria,  viruses,  
viroids,  plasmids, mycoplasmas, parasi t ic  seed plants ,  and 
herbivorous animals such as porcupines. In fores t s ,  fungi and 
insects are the most important biot ic  pathogens. Any of these 
biot ic  s t resses  can cause impairment of normal physiological 
processes. The effects  of these biot ic  agents vary over time 
because the i r  ac t iv i t i e s  depend upon the environmental require- 
ments of the predators and pathogens (Osmond and others 1987); 

4. Natural chemical s t resses .  These are induced by deficiencies 
( a n d c a s i o n a l  ly excesses) of essential  nutrients or toxic soi 1 
chemicals such as aluminum. Nitrogen i s  the nutrient most 
commonly deficient in forests .  Virtually a l l  of the nitrogen 
and sulfur  entering a forest  ecosystem comes from the atmosphere 
(Waring and Schlesinger 1985). 

Changes tha t  occur in the physical or chemical climate of plant popula- 
t ions  apply new selection pressures (Treshow 1980a; Woodwell 1970). The 
subt le  and indirect  effects  of pollutant dosages can s e t  the stage for  changes 
in community structure tha t  may possibly have i r revers ible  consequences 
(Guderian and Kueppers 1980). Increasi ng pol l utant s t ress  provides a 
select ive force tha t  favors some genotypes, suppresses others,  and eliminates 
those species tha t  lack suf f ic ien t  genetic diversity to  survive. Thus, the 
occurrence and dis t r ibut ion of plants i s  influenced, and community composition 
and species interactions are changed such tha t  the basic structure of the 
ecosystem i s  ultimately changed (Treshow 1980a). This succession may take 
years ,  decades, or longer, depending on the pollutant concentration, period of 
exposure, and plant species involved. 

Man-made s t resses  tha t  change the chemical and physical climates of plants 
are  of two main types: 

1. - Air pollution s t resses .  These are chemical s t resses  tha t  occur 
whenever forest  t rees  are exposed to  in.jurious concentrations of 
toxic gases such as sulfur or nitrogen oxides, ozone, or 
f 1 uoride; toxic aerosol par t ic les  or coarse par t iculate  matter; 
or dissolved or suspended chemicals in a i r ,  cloud water, or 
precipitation.  Pollutant s t resses  can also occur as a resu l t  of 
accumulation or mobilization of toxic substances in so i l s  often 
a f t e r  wet or dry deposition from the atmosphere (Woodman and 
Cowl i ng 1987). 



2. Mechanical s t resses .  These r e su l t  from various human ac t iv i t i e s  
i ncl udi ng l oggi ng, control l ed burni ng , drai ni ng , f 1 oodi ng, and 
physical disturbance of so i l s  leading to  compaction, erosion, 
leaching of nutr ients ,  or accumulation of toxic substances 
(Woodman and Cowling 1987). 

The above s t resses ,  both natural and anthropogenic, can occur a t  the same 
time or in any order, one a f t e r  another. They can ac t  independently, addi- 
t ive ly ,  synergis t ical ly ,  or antagonistically;  they can be periodic, e i ther  
short- or  long-term, and can increase or decrease with the age of the forest  
stand (Cowling 1985). 

Air pol l ution s t resses  general ly resu l t  not because gases and chemical s 
are unique substances never before encountered by plants ,  b u t  rather because 
the amounts of these substances are beyond the l imits  of tolerance or avoidance 
of the organism. Acute a i r  pollution s t r e s s  tends to  be episodic. Trees 
experience high pollutant exposures for  minutes, hours, or for  a few days to  a 
week a t  the most. These acute exposures may occur several times during a year. 
In chronic a i r  pollution s t r e s s ,  however, low concentrations are experienced 
continuously for  a considerable portion of the l i f e  of the plant. 

In theory, airborne chemicals in the form of gases or aerosols, when sus- 
pended in a i r  or dissolved in cloud water or precipi ta t ion,  could cause, 
e i ther  alone or with other s t ress  fac tors ,  many different  types of effects  i n  
forests .  These include the following: 

Effects on Individual Trees: 

1 )  Visible symptoms of injury to  individual trees- 

* Change in shape and s ize  of leaves, 
Change in normal patterns of growth and development (shape and 
timing of development of leaves, flowers, buds, branches, 
roots,  e t c ,  ) , 
Change i n normal senescence patterns of 1 eaves, sel f-pruni ng 
of branches, or turn-over of feeder roots,  
Change in l i f e  expectancy of individual t rees ;  

2 )  Decreased annual height, growth, or radial increments (with or 
without vis ible  symptoms of injury to  individual t r ee s ) ;  

3 )  A1 terat ion of physiological processes (with or without vis ible  
symptoms)- 

* Photosynthesis, 
* Respiration, 
* Transpi ra t ion,  

Mineral nutr i t ion,  
Transport and allocation of photosynthate, 

* Reproduction, 
Hormonal control of growth, 
Symbiotic relationships with other organisms; 



4) Changes i n  s u s c e p t i b i l i t y  t o  o t h e r  s t r e s s  f a c t o r s ;  

5) Changes i n  r ep roduc t i ve  behav io r  o f  i n d i v i d u a l  t r ees ;  

E f f e c t s  on Fo res t  Stands: 

5) Decreased p r o d u c t i v i t y  o f  whole f o r e s t  stands; 

7) Change i n  s tand s tock ing ,  such as age-class d i s t r i b u t i o n ;  

8) Changes i n  normal p a t t e r n s  o f  compe t i t i on  and m o r t a l i t y  w i t h i n  
f o r e s t  stands (bo th  among i n d i v i d u a l  t r e e s  and between t r e e s  
and o t h e r  vege ta t i on  i n  f o r e s t  stands);  

9) Changes i n  normal p a t t e r n s  o f  successian w i t h i n  f o r e s t  stands; 

10) Changes i n  species composi t ion o f  f o r e s t ;  

11) Changes i n  n u t r i e n t  c y c l i n g  i n  f o r e s t  stands (such as excess ive 
l each ing  o f  n i t r a t e  o r  o t h e r  mobi le  anions o r  ca t i ons  from 
s o i l s ) ;  

12) Changes i n  hyd ro log i c  behavior  and watershed f unc t i ons  o f  f o r e s t  
stands ; 

E f f e c t s  on Tree S ~ e c i e s :  

13) Changes i n  t h e  gene t i c  d i v e r s i t y  w i t h i n  t r e e  species ( a l t e r a t i o n  
o f  gene poo ls  w i t h i n  t r e e  species);  

14) Changes i n  f i t n e s s  w i t h i n  and between t r e e  species;  

E f f e c t s  on Reaional and Soc ia l  Values o f  Forests :  

15) Changes i n  t h e  reg iona l  p r o d u c t i v i t y ,  d i s t r i b u t i o n ,  o r  economic 
va lue  o f  f o r e s t s ;  and 

16) Changes i n  a e s t h e t i c  qua1 i t y  o r  o t h e r  ecosystem values f o r  
humans. 

F i f t e e n  o f  these 16 t h e o r e t i c a l  e f f e c t s  have been conf i rmed by observa t ion  
and experiments i n  f o r e s t s  o f  Nor th  America. I n  bo th  Nor th  America and Europe, 
s tud ies  o f  t h e  e f f e c t s  o f  a i r  p o l l u t a n t s  on f o r e s t s  and a g r i c u l t u r a l  systems 
have been made i n  t h e  v i c i n i t y  o f  s t r ong  p o i n t  sources o f  s u l f u r  d i o x i d e  
(Legge and o the rs  1981; L inzon 1978; M i l l e r  and McBride 1975; Sche f fe r  and 
Hedgcock 1955; Winner and Bewley 1978a,b; Winner and o thers  1978); f l u o r i d e ,  
( M i l l e r  and McBride 1975; Treshow and o the rs  1967); and ch ron i c  r a d i a t i o n  
(Woodwell 1970). Much l e s s  i s  known about t h e  e f f e c t s  o f  r e g i o n a l l y  d ispersed  
a i r bo rne  chemicals. Ozone has been t h e  most s t u d i e d  reg iona l  p o l l u t a n t  
( M i  1  l e r  1973; M i l l e r  and o the rs  1982). Only number 15 1  i s t e d  above has n o t  
been assoc ia ted w i t h  r eg iona l  ozone exposure i n  t h e  San Bernardino Fo res t  o f  
Cal i f o r n i a .  



A i r  p o l l u t a n t s  may a f f e c t  t r e e s  d i r e c t l y  through t h e  f o l i a g e  o r  i n d i r e c t l y  
v i a  t h e  s o i l .  Regardless o f  whether t h e  a i r  p o g l u t i o n  s t r e s s  i s  acute o r  
ep i sod i c ,  f o r e s t  t r e e s  o r  pe renn ia l  shrubs must cope w i t h  t h e  cumulat ive 
e f f e c t s  o f  bo th  sho r t -  and long- term st resses.  Tree response may appear 
r a p i d l y  as when, f o r  example, s e n s i t i v e  w h i t e  p i n e  needles show v i s i b l e  i n j u r y  
f rom exposure t o  h i g h  concent ra t ions  o f  ozone. I n  o t h e r  ins tances,  however, 
responses a re  o f t e n  s u b t l e  and may n o t  be observable for many years because 
adap ta t i on  and response t o  s t r e s s  i s  expressed by t h e  d i f f e r e n t i a l  growth t h a t  
r e s u l t s  f rom changes i n  carbon a l l o c a t i o n  (Waring and Schles inger  1985). 

Tree popu la t i ons  p l a y  a  c r i t i c a l  r o l e  i n  mature f o r e s t  ecosystems. They 
represen t  t h e  l a t e r  stages o f  succession and a re  adapted f o r  h i gh  compe t i t i ve  
a b i l i t y  (Brown 1984). As t h e  dominant producers,  t r e e s  i n f l u e n c e  t h e  s t r uc -  
t u r e  (spec ies composi t ion and t r o p h i c  r e l a t i o n s h i p s ) ,  energy f l ow ,  and n u t r i e n t  
re1  a t i  onships (Ehr l  i c h  and Mooney 1983). The ecosystem processes o f  energy 
f l o w  and n u t r i e n t  c y c l i n g  a re  d i r e c t l y  r e l a t e d  t o  t h e  p l a n t  p h y s i o l o g i c a l  
processes o f  photosynthes is ,  n u t r i e n t  uptake, b i osyn thes i s ,  carbon a l l o c a t i o n ,  
r e s p i r a t i o n ,  and t r a n s l o c a t i o n .  The a l t e r a t i o n  o f  these p h y s i o l o g i c a l  processes 
i s  t h e  fundamental cause o f  a l l  o t h e r  ecosystem e f f e c t s  (U.S. Environmental 
P r o t e c t i o n  Agency 1986). 

Changes i n  ecosystems beg in  w i t h  t h e  death o f  i n d i v i d u a l  p l a n t s .  Temporal 
dynamics a t  t h e  l e v e l  o f  i n d i v i d u a l  organisms can, t he re fo re ,  upset t h e  equi -  
l i b r i u m  and be d i s o r g a n i z i n g  i n  ecosystems such as f o r e s t s  t h a t  a re  dominated 
by nonmobile organisms (Shugart 1987). I n  f o r e s t s  w i t h  l a r g e  canopy t r ees ,  a  
canopy t r e e  dominates t h e  space where i t  i s  growing, reduces t h e  amount o f  
l i g h t  reach ing  t h e  f o r e s t  f l o o r  and a l t e r s  t h e  mic roc l imate ,  cond i t i ons  t h a t  
he lp  t o  determine t h e  p l a n t  species t h a t  can su rv i ve  beneath t h e  canopy. Death 
o f  a t r e e  opens t h e  canopy and changes t h e  m ic roc l ima te  and s u b s t a n t i a l l y  
increases t h e  resources o f  l i g h t ,  n u t r i e n t s ,  water  and energy a v a i l a b l e  t o  
o the r  organisms. Th i s  change i n i t i a t e s  a  s t r u g g l e  f o r  dominance among t h e  
unders to ry  t r e e s  and seedl ings.  I n  t ime  a  new canopy becomes es tab l i shed  
(Shugart  1987). 

The mode o f  death o f  a  t r e e  i s  a l s o  e c o l o g i c a l l y  impor tan t  as i t  de te r -  
mines t h e  regenera t ion  success o f  t r e e s  t h a t  form t h e  nex t  f o r e s t  generat ion.  
Trees may d i e  c a t a s t r o p h i c a l l y  as when h igh  winds o r  i c e  storms break o f f  t h e  
crown o r  branches o r  when they  a re  blown over ,  exposing t h e  r o o t s ;  o r  they  may 
d i e  s l ow l y  and tend  t o  waste away as i n  t h e  case o f  those i n j u r e d  by pathogens 
o r  i n s e c t s  (Shugart 1987). Tree death, as i n f l uenced  by gaseous a i r  p o l l u t a n t s  
such as ozone, i s  u s u a l l y  gradual r a t h e r  than c a t a s t r o p h i c  un less t h e  t r e e  i s  
ext remely  s e n s i t i v e  o r  t h e  p o l l u t a n t  concen t ra t i on  i s  ext remely  h igh.  Growth 
responses r e q u i r e  t ime,  Therefore,  because growth responses a re  t h e  r e s u l t  o f  
cumulat ive s t resses  and t r e e s  a re  con t i nua l  l y  be ing  sub jec ted  t o  many o the r  
s t resses ,  t he  cause o f  death i s  d i f f i c u l t  t o  determine. 

P o l l u t a n t  s t resses,  as w e l l  as n a t u r a l  and b i o l o g i c a l  s t r e s s  as i n d i c a t e d  
above, have impor tan t  i m p l i c a t i o n s  f o r  f o r e s t  succession because they  p rov ide  
fo rces  t h a t  f avo r  some genotypes, a f f e c t  o thers  adverse ly ,  and e l i m i n a t e  
species t h a t  l a c k  gene t i c  d i v e r s i t y  ( f i g .  26). A p o p u l a t i o n  t o l e r a n t  t o  t h e  
dominant s t resses  becomes es tab l i shed .  However, s t ud ies  us ing  heavy metals and 
he rb i c i des  i n d i c a t e  t h a t  once t h e  dominant s t r e s s  i s  removed, t h e  p o l l u t a n t -  
t o l e r a n t  p l a n t s  t end  t o  d e c l i n e  i n  number. Compet i t ion increases s e l e c t i o n  f o r  
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Figure 26. Pathways of air pollutant impact in forest ecosystems. 
Source: McClenahen (1 984). 



- 

to le rance under p o l l u t e d  cond i t ions  and aga ins t  to le rance under l ess  p o l l u t e d  
cond i t ions  (Roose and others 1982). This evidence i s  corroborated by observa- 
t i o n s  o f  ecosystems func t i on ing  under na tu ra l  cond i t ions .  Cer ta in  t e r r e s t r i a l  
ecosystems requ i re  major disturbances (e.g.,  f i r e ,  drought, windstorms) t o  
r e t a i n  t h e i r  c h a r a c t e r i s t i c s  (Smith 1980; Vogl 1980). The development o f  
to le rance depends upon the  genotype being present  i n  t he  p l a n t s  when they are 
growing i n  environments f r e e  from a i r  p o l l u t i o n  o r  o ther  s e l e c t i v e  stresses 
(Roose and others 1382). 

Responses a t  t he  f o r e s t  ecosystems l e v e l ,  because they are the  summation 
o f  mu1 t i p l e  responses o f  i n d i v i d u a l  organisms and t h e i r  i n t e r a c t i o n ,  usual l y  
take longer t o  develop, are more d i f f u s e ,  and are usua l l y  o f  longer du ra t i on  
than responses a t  the  i n d i v i d u a l  o r  popu la t ion  l e v e l .  Therefore, the  cause and 
the response are more d i f f i c u l t  t o  determine. I n  add i t i on ,  f o r e s t  stands 
d i f f e r  g r e a t l y  i n  age, species composit ion, s t a b i l i t y ,  and capac i ty  t o  recover 
from disturbance. Therefore, data dea l ing  w i t h  the  responses o f  one f o r e s t  
type may no t  be app l i cab le  t o  another f o r e s t  type (Kozlowski 1980). 

Explanat ions f o r  changes observed a t  the  ecosystem l e v e l  o f t e n  can be 
determined by understanding processes occur r ing  a t  phys io log i ca l ,  populat ion,  
and community 1  eve1 s  (Wari ng and Schlesi  nger 1985). Responses a t  t he  i nd iv id -  
ual t r e e  l e v e l  are determined by the  ex ten t  t h a t  phys io log i ca l  processes w i t h i n  
the  t r e e  are a l t e r e d  o r  i n h i b i t e d  by exposure t o  a i r  p o l l u t i o n  (McClenahen 
1984). It i s  now genera l l y  accepted t h a t  a i r  p o l l u t i o n  i n j u r y  t o  i n d i v i d u a l  
organisms i s  i n i t i a t e d  a t  the  biochemical l e v e l .  Changes induced i n  c e l l s  lead 
sequen t ia l l y  t o  changes i n  metabol ic pathways o f  the  whole organism, a  disorga- 
n i z a t i o n  o f  c e l l u l a r  membranes r e s u l t i n g  i n  a  l oss  o f  con t ro l  o f  d i f f u s i o n  o f  
water and solutes,  and a  breakdown o f  c e l l u l a r  components t h a t  f i n a l l y  r e s u l t s  
i n  v i s i b l e  symptoms such as ch lo ros i s  and necrosis  o f  f o l i a r  t i ssue.  Growth 
reduct ion ,  loss  i n  y i e l d  (i .e. , reproduct ion)  and i n  p l a n t  q u a l i t y  can occur 
w i thou t  v i s i b l e  i n j u r y  t o  the  p l a n t  (U. S. Environmental P ro tec t i on  Agency 
1986 ; Koz 1  ows k i  1980). 

Studies o f  the  responses a t  the  c e l l u l a r  l e v e l  o f  t rees  most s e n s i t i v e  t o  
s p e c i f i c  stresses, bo th  na tu ra l  and anthropogenic, could lead t o  the  i d e n t i f i -  
c a t i o n  o f  those phys io log i ca l  processes most l i k e l y  t o  be a f f e c t e d  by changes 
i n  the  phys ica l  and chemical c l imate  o f  f o r e s t  ecosystems. Concentrations o f  
the  chemical compounds, the  length  o f  exposure, and the  amount o f  the  compound 
taken up are c r i t i c a l  aspects o f  each i n d i v i d u a l  p l a n t  response. Responses a t  
the  c e l l u l a r  l e v e l  are determined i n  p a r t  by these fac tors .  I n  the  next  
sect ion,  the  concepts o f  exposure, concentrat ion,  and uptake are discussed. 

4 2  What i s  the  L i ke l i hood  That Acid D e ~ o s i t i o n  and Other Airborne Su l fu r -  
and Mitroaen-Derived Chemicals A f f e c t  the  Forests o f  Eastern North America 

J 

? 
P lan t  response t o  a i r  p o l l u t i o n  s t ress  invo lves  p o l l u t a n t  concentrat ion,  

length  o f  exposure, deposi t ion,  uptake, and a l t e r a t i o n  o f  biochemical 
processes. Gaseous a i  rborne chemical s  (SO NO and mixtures o f  them) 

y  n t e r i n g  the  leaves and cause p h y t o t o x i c i t y  o f  t rees  and o ther  p f l n t s  xd '2' 
d i s r u p t i n g  the  biochemical processes t h a t  occur w i t h i n  the  c e l l s .  The s e v e r i t y  
o f  i n j u r y  usua l l y  i s  determined by the  ex ten t  phys io log i ca l  processes are 
a l t e r e d  by the  amount o f  p o l l u t a n t  en te r i ng  the  leaves. P lan t  response cannot 
be r e l a t e d  s o l e l y  t o  the  concentrat ion o f  the  p o l l u t a n t  gas i n  the  ambient a i r  



(Unsworth and o thers  1976). The f a c t o r s  i n f l u e n c i n g  chemical depos i t i on ,  
concen t ra t i on ,  uptake, and t h e  man i f es ta t i on  o f  i n j u r y  a re  discussed i n  t h e  
f o l l o w i n g  sec t ion .  P l a n t  response may be cha rac te r i zed  by a  measurable change 
i n  any p l a n t  f u n c t i o n  such as r e s p i r a t i o n ,  photosynthes is ,  r a t e  o f  gas exchange, 
b iochemica l  pathways, p h y s i o l o g i c a l  r eac t i ons ,  degree o f  v i s i b l e  l e a f  i n j u r y ,  
o r  decrease i n  growth o r  r ep roduc t i on  ( y i e l d )  (U. S. Environmental P r o t e c t i o n  
Agency 1986). 

V i s i b l e  i n j u r y  t o  f o l i a g e  does n o t  necessa r i l y  mean t h a t  decreases i n  
g rowth  have occurred o r  a re  occur r ing .  I t  i s ,  however, an i n d i c a t i o n  t h a t  
p h y t o t o x i c  concen t ra t ions  a re  p resen t  and t h a t  s t ud ies  should be conducted t o  
assess t h e  r i s k  t o  vege ta t i on  from t h e  concent ra t ions  present .  Many s t u d i e s ,  
p r i m a r i l y  o f  crop p l a n t s ,  have been made t o  assess t h e  e f f e c t  o f  a  p a r t i c u l a r  
c o n c e n t r a t i o n  and p e r i o d  o f  exposure. Table 9  presents  t he  t ime p e r i o d  and 
c o n c e n t r a t i o n  o f  t h ree  gaseous a i r bo rne  chemicals (SO NO , 0 3 )  t h a t  have been 
r e p o r t e d  t o  induce v i s i b l e  i n j u r y  t o  vege ta t i on  i n  N&th h e r ~ c a .  Most o f  t h e  
d a t a  have been ob ta ined  from chamber, greenhouse, o r  f i e l d  exper iments,  n o t  
f r om ambient exposures. The t a b l e  may be used as a  g u i d e l i n e  t o  determine 
whether concen t ra t ions  repo r ted  i n  t h e  a m b i e n t . a i r  a re  l i k e l y  t o  cause v i s i b l e  
i n j u r y  t o  vege ta t i on  o r ,  more s p e c i f i c a l l y ,  t r ees .  Few exposure s t a t i s t i c s  a re  
a v a i l a b l e  f o r  n i t r i c  ac i d ,  n i t r a t e ,  ammonia, t h e  ammonium i on ,  s u l f a t e ,  hydro- 
gen perox ide,  o r  PPN (peroxy p r o p i o n y l n i t r a t e )  s i nce  these substances have n o t  
been w ide l y  i d e n t i f i e d  as caus ing v i s i b l e  f o l  i a r  i n j u r y .  PAN (peroxyace ty l -  
n i t r - a t e ) ,  a  r eg iona l  p o l l u t a n t  i n  southern C a l i f o r n i a ,  has n o t  been w i d e l y  
r e p o r t e d  i n  eas te rn  Nor th  America. Though PAN i s  more t o x i c  t o  crops t han  
ozone, s tud ies  i n d i c a t e  t r e e s  a re  n o t  as s e n s i t i v e  (U.S. Environmental Pro tec -  
t i o n  Agency 1986). Ambient a i r  concen t ra t ions  o f  n i t r o g e n  oxides (NO and 
NO ) h igh  enough t o  cause vege ta t i ona l  i n j u r y  i n  t h e  f i e l d  have n o t  been 
r e 6 o r t e d  i n  eas te rn  Nor th  America (Nat iona l  Research Counci 1  1977b; U. S. 
Environmental  P r o t e c t i o n  Agency 1982b). 

Research has n o t  y e t  c l e a r l y  de f i ned  which components o f  p o l l u t a n t  expo- 
su re  ( p o l l u t a n t  concen t ra t ion ,  t ime o f  exposure, t ime s ince  p rev ious  exposure, 
e t c . )  a re  most impor tan t  i n  caus ing p l a n t  responses. The c h a r a c t e r i z a t i o n  and 
rep resen ta t i on  o f  exposures t o  a i r  p o l l u t a n t s  has been and cont inues t o  be a  
ma jo r  problem. An app rop r i a te  summary s t a t i s t i c  f o r  one exposure d u r a t i o n  
u s u a l l y  cannot be e a s i l y  t ransformed t o  descr ibe  a  d i f f e r e n t  d u r a t i o n  o f  
exposure w i t h o u t  access t o  t h e  o r i g i n a l  aerometr ic  data. I n  a d d i t i o n ,  s t a t i s -  
t i c s  used t o  represen t  ext remely  s h o r t  exposures cannot be r e a d i l y  aggregated 
t o  p rov ide  a  r e p r e s e n t a t i v e  summary s t a t i s t i c  f o r  p l a n t  responses r e s u l t i n g  
f rom an extended exposure, f o r  exampl e, a  growi ng season (U. S. Envi ronmental 
P r o t e c t i o n  Agency 1986). I n  a d d i t i o n ,  t h e  exposure s t a t i s t i c s  c u r r e n t l y  
a v a i l a b l e  were developed c h i e f l y  f o r  c rop  p l a n t s ,  n o t  f o r  f o r e s t  t r ees .  The 
absence o f  r e l i a b l e  exposure s t a t i s t i c s  makes i t  ext remely  d i f f i c u l t  t o  develop 
a  cause-and-ef fect  r e l a t i o n s h i p  between a i r  p o l l u t a n t s  and f o r e s t  t rees .  

To document a  cause-and-ef fect  r e l a t i o n s h i p  i t  must be p o s s i b l e  t o  i n f e r  
a  s t r ong  p a t t e r n  o f  cons is tency,  responsiveness and a  proven b i o l o g i c a l  
mechanism (Woodman and Cowling, 1987). I n  s imple systems, any two o f  t h e  
above t h r e e  l i n k a g e  p a t t e r n s  may be s u f f i c i e n t  t o  i n f e r  cause. I n  more 
compl i c a t e d  systems, however, a1 1  t h r e e  p a t t e r n s  may be requ i red .  Consi s tency  
requ i res  t h a t  t h e  symptoms o f  i n j u r y  and d i s f u n c t i o n  be c o n s i s t e n t l y  assoc ia ted  
w i t h  t h e  presence o f  t h e  causal  f a c t o r ;  t h e  devel  opkent o f  



Table 9. C r i t i c a l  Concentrat ions o f  Gaseous Pol l u t a n t s  That Induce V i s i b l e  Fol i a r  I n j u r y  t o  Vegetat ion i n  Eastern Nor th  America* 

Time o f  SO2 NO2 
Exposure S e n s i t i v e  ln te rmed i  a t e  To le ran t  Sensi L i v e  In te rmed ia te  To le ran t  

'U. S. Environmental P r o t e c t i o n  Agency. A i r  Q u a l i t y  C r i t e r i a  f o r  S u l f u r  Oxides. Revised Chapter 5: E f f e c t s  o f  S u l f u r  Oxides i n  t he  
Atmosphere an Vegetat ion.  EPA-R3-73-030. Na t i ona l  Envi ronmental Research Center, U. S. Envi ronmental P ro tec t i on  Agency, Research 
T r i ang le  Park, NC, 1973. 

2U. S. Environmental P r o t e c t i o n  Agency. A i r  Qua1 i t y  C r i t e r i a  f o r  N i t r ogen  Oxides. EPA-600/8-82-026. U. S. Envi ronmental P r o t e c t i o n  
Agency, Research T r i a n g l e  Park, NC, September, 1982b. 

3U. S. Environmental P r o t e c t i o n  Agency. A i r  Qua1 i t y  C r i t e r i a  f o r  Ozone and Other Photochemical Oxidants. EPA 600/8-84/0200F, 
Environmental C r i t e r i a  Assessment O f f i ce ,  Research T r i a n g l e  Park, NC, August, 1986. D r a f t  F ina l .  

*The m a j o r i t y  o f  t h e  responses c i t e d  i n  t he  t a b l e  a re  based on l abo ra to r y  experiments. 



exposure-response r e l a t i o n s h i p s  by exposing hea l t hy  t r e e s  t o  var ious  known 
concen t ra t i ons  o f  a i r bo rne  p o l  1  u t a n t s  under cond i t i ons  s i m u l a t i n g  those  found 
i n  f o r e s t s  and mechanisms r e q u i r e s  t h a t  t h e  observed e f f e c t  be r e l a t e d  t o  t h e  
suspected causal  f a c t o r  by one o r  more b i o l o g i c a l  mechanisms. Responsiveness 
i s  t he  most d i f f i c u l t  t o  prove because exposing l a r g e  f o r e s t  t r ees  u s i n g  
c o n t r o l l e d  cond i t i ons  i s  ext remely  d i f f i c u l t .  E x t r a p o l a t i o n  from exposure 
u s i n g  seedl ings i s  no t  s a t i s f a c t o r y  e i t h e r  (Pye, 1988). 

S u l f u r  Dioxide.--The adverse e f f e c t s  o f  SO on vege ta t i on  have been 
observed i n  c i t i e s  and around smel ters  f o r  more ?han 100 years.  The areas i n  
t h e  v i c i n i t y  o f  smel ters  such as those around Sudbury, Onta r io ,  Canada, and 
Copper H i l l ,  TN, a re  denuded o f  vege ta t i on  due i n  l a r g e  p a r t  t o  SO emissions. 
Research concern ing 50 e f f e c t s  on vege ta t ion ,  f o r  reasons o f  h f s t o r i c a l  
precedent ,  has been e&ensively and r e c e n t l y  reviewed (U. S. Environmental  
P r o t e c t i o n  Agency 1982a; Winner and o the rs  1985;). 

Gaseous s u l f u r  d i o x i d e  has been r i g o r o u s l y  proven t o  cause v i s i b l e  f o l  i a r  
i n j u r y ,  decreased growth, and m o r t a l i t y  o f  many d i f f e r e n t  species o f  f o r e s t  
t r e e s  i n  concen t ra t ions  g r e a t e r  than  approx imate ly  50 ppb f o r  8  hours o r  
l o n g e r  (see t a b l e  9). Th is  knowledge has been accumulated through many years  
o f  f i e l d  s tud ies  near s t r ong  p o i n t  sources as w e l l  as f i e l d  and greenhouse 
exper iments (U.S. Environmental P r o t e c t i o n  Agency 1982a). The m a j o r i t y  o f  t h e  
s t u d i e s  d e a l i n g  w i t h  t h e  e f f e c t s  o f  SO exposure on growth and y i e l d  have used 
c r o p  p l a n t s  (i. e. , annuals). Crop p la%ts have been emphasized because o f  t h e  
p o s s i b l y  g r e a t e r  economic impact i f  they  a re  i n j u r e d .  

I n  t h e  eas te rn  Un i t ed  S ta tes ,  t h e  h i ghes t  s u l f u r  d i o x i d e  concen t ra t i ons  
have been measured i n  t h e  Ohio R i ve r  V a l l e y  (see chapter  3, f i g .  15). I n  t h e  
southeastern S ta tes ,  exposure t o  h i gh  concent ra t ions  i s  most l i k e l y  t o  occur  i n  
t h e  v i c i n i t y  o f  power p l a n t s ,  metal  smel ters ,  and near l a r g e  c i t i e s .  

S u l f u r  i s  an e s s e n t i a l  n u t r i e n t  f o r  p l a n t  growth and development. Fo res t  
ecosystems r e q u i r e  about 4-22 kg/ha/year f o r  normal f unc t i ons  and growth -- 
m a i n l y  syn thes is  o f  enzymes, s t r u c t u r a l  and s torage p r o t e i n s ,  and amino ac ids .  
There i s  a  c l ose  biochemical  r e l a t i o n s h i p  between s u l f u r  and n i t r o g e n  due t o  
t h e i r  mutual involvement i n  amino a c i d  and p r o t e i n  syn thes is  ( K e l l y  and 
Lambert 1972). Uptake o f  s u l f u r  by f o r e s t  t r e e s ,  ma in ly  i n  t h e  form o f  wa te r  
s o l u b l e  s u l f a t e  i ons ,  i s  by absorp t ion  through t he  roo t s ,  and through f o l i a r  
organs from a i r ,  c l oud  water,  and p r e c i p i t a t i o n  (Turner and Lambert 1980). 
Thus, low concent ra t ions  o f  gaseous s u l f u r  d i o x i d e  ( tapprox imate ly  40 ppb) , and 
smal l  amounts o f  a i r bo rne  s u l f a t e  aerosol  (up t o  about 3 kg/ha/year) may 
enhance growth and uptake o f  a l l  elements (Turner and Lambert 1980). Atmos- 
p h e r i c  s u l f u r  a d d i t i o n s  i n  p o l  1  u ted  areas (10-80 kg/ha/year), however, 
f r e q u e n t l y  exceed n o t  o n l y  t h e  requirement o f  t h e  f o r e s t  ecosystem, b u t  a l s o  
i t s  a b i l i t y  t o  accumulate s u l f u r  b i o l o g i c a l l y  (Johnson 1984). 

N i t rogen  Ox ides . - - I n j u r y  t o  vege ta t i on  by NO (NO o r  NO ) compounds, i f  i t  
does occur i n  na tu re ,  i s  presumed t o  be r e s t r i c t e i  t o  t h e  i m i e d i a t e  v i c i n i t y  o f  
i n d u s t r i a l  p o i n t  sources - (e .  g. , power p l a n t s ,  arsenals ,  o r  n i t r i c  a c i d  f a c t o -  
r i e s )  o r  t o  l a r g e  me t ropo l i t an  areas. Ambient concen t ra t ions  o f  NO seldom 
reach t he  magnitude (around 2000 ppb) necessary t o  cause vege ta t i  on31 i n j u r y  
(see t a b l e  9). Most vege ta t i ona l  i n j u r y  assoc ia ted  w i t h  NO i s  i n d i r e c t  -- 
t h a t  i s ,  i t  i s  t h e  r e s u l t  o f  photochemical ox i dan t  reac t io%s t h a t  produce 



ozone, PAN, and PPN (Kozl ows k i  and Cons tan t i  n i  dou 1986a; Na t iona l  Research 
Counci l  19776). V i s i b l e  i n j u r y  t o  f o r e s t  t r e e s  o r  o t h e r  f o r e s t  p l a n t s  f rom 
exposure t o  concen t ra t ions  o f  n i t r o g e n  ox ides occurs so r a r e l y  i n  eas te rn  
Nor th  America t h a t  t h e r e  have been no pub l i shed  r e p o r t s  o f  i n j u r y  i n  t h e  f i e l d  
due t o  NO o r  NO (Nat iona l  Research Counci 1 1977b; U. S. Environmental Protec-  
t i o n  Agency 198 

N i t rogen ,  l i k e  s u l f u r ,  i s  an e s s e n t i a l  n u t r i e n t  f o r  p l a n t  growth and 
development. Uptake, mos t l y  as water-so l  ub le  n i t r a t e  and ammoni um ions ,  i s  
c h i e f l y  through t h e  s o i l .  Each year ,  f o r e s t  ecosystems i n  t h e  Southern Un i t ed  
States r e q u i r e  about 30-75 kg/ha/year o f  n i t r o g e n  f o r  t h e i r  normal f unc t i ons  
and growth -- ma in ly  f o r  syn thes is  o f  enzymes, s t r u c t u r a l  p r o t e i n s ,  n u c l e i c  
ac ids ,  and many secondary metabo l i tes .  These ions ,  ob ta ined  c h i e f l y  f rom s o i l s  
by abso rp t i on  through t h e  r o o t s ,  a l s o  can be a s s i m i l a t e d  through f o l i a r  organs 
from a i r ,  c l oud  water ,  and p r e c i p i t a t i o n .  Approximately a  t h i r d  t o  a  h a l f  o f  
t h e  c u r r e n t  need f o r  n i t r o g e n  (20-60 kg/ha/year) i s  met by r e c y c l  i n g  n i t r o g e n  
through l i t t e r - f a l l .  Most o f  t h e  o t h e r  h a l f  (28-85 kg/ha/year) comes from 
atmospheric sources and by m i n e r a l i z a t i o n  o f  s o i l  n i t r o g e n  (B ink ley  and o the rs  
1989). 

Concentrat ions o f  a i  rborne n i  t rogen-con ta i  n i  ng chemical s a re  b e i  ng c o n t i  n- 
uous ly  added t o  f o r e s t  ecosystems today. The e f f e c t  o f  these chemicals on 
ecosytems has n o t  been c l e a r l y  determined. P lan t s  and t h e  communities i n  which 
they  1  i v e d  were adapted t o  s o i  1s w i t h  low n i t r o g e n  concent ra t ions  and were 
t h r i v i n g  be fo re  anthropogenic n i t r o g e n  d e p o s i t i o n  began. I n  many areas o f  
Nor th  America, c u r r e n t  a d d i t i o n s  o f  atmospheric n i t r o g e n  a re  i n  excess o f  growth 
requirements,  p a r t i c u l a r l y  o f  subalp ine and borea l  con i f e rous  f o r e s t s .  Only a  
smal l  f r a c t i o n  o f  t h e  i no rgan i c  n i t r o g e n  added t o  t h e  s o i l  f rom new sources i s  
absorbed and enhances growth. Most o f  t h e  n i t r o g e n  added i s  leached from t h e  
s o i l  i n  t h e  form o f  n i t r a t e  (Waring and Schles inger  1985). 

Ammonia (NH ) and Ammonium (NH +). Ammonia has been known t o  be a  
p h y t o t o x i c  a i r  p a l l u t a n t  s ince  t h e  l%te 18001s,  c h i e f l y  because o f  i n j u r y  t o  
vege ta t i on  i n  t h e  v i c i n i t y  o f  acc iden ta l  re leases  o f  gaseous o r  1  i q u e f i e d  
ammonia (Nat iona l  Research Counci l  1977a; Treshow 1970). Vegetat ional  i n j u r y  
was most commonly assoc ia ted  w i t h  re lease  o f  ammonia from r e f r i g e r a t i o n  
systems; however, f reons  a re  now be ing  used as heat  t r a n s f e r  f l u i d s ,  so i n j u r y  
f rom t h i s  source has dec l ined .  

A g r i c u l t u r a l  use o f  anhydrous ammonia and urea as f e r t i l i z e r s  i s  a  
present-day source o f  i n j u r y  t o  vege ta t ion .  I n  a d d i t i o n ,  ammonia i s  added t o  
t h e  atmosphere from a  v a r i e t y  o f  combustion sources, i n c l u d i n g  domestic i n c i n -  
e r a t i o n  and automobi le engines, as w e l l  as v o l a t i l i z a t i o n  from c a t t l e  f e e d l o t s  
and from n a t u r a l  sources (Nat iona l  Research Counci l  19786). 

N i t r a t e s . - - N i t r a t e s  a re  p resen t  i n  t h e  atmosphere as gases (PAN and n i t r i c  
a c i d  vapor), d i sso l ved  i n  d r o p l e t s ,  and a l s o  i n  t h e  form o f  p a r t i c u l a t e  ma t te r  
such as ammonium n i t r a t e  (NH NO3). N i t r a t e s  a re  secondary p o l l u t a n t s  formed i n  
t h e  atmosphere from NO and a0 and a re  an impor tan t  component o f  a c i d  deposi- 
t i o n  ( L o v e t t  and L indberg 19863. 

Ozone. --Ozone i s  t h e  gaseous p o l  1  u t a n t  most i n j u r i o u s  t o  f o r e s t s .  Th i s  
conc lus ion  i s  based upon t h e  massive number o f  s t ud ies  i n v o l v i n g  t h e  responses 



o f  crops t o  ozone and t h e  somewhat sma l le r  number o f  s t ud ies  dea l i ng  w i t h  t r e e  
responses t o  ozone. A l l  f um iga t i on  s tud ies ,  whether i n  t h e  l a b o r a t o r y  o r  
f i e l d ,  whether on crops o r  t r ees ,  suggest t h a t  p l a n t s  w i l l  respond t o  ozone 
concen t ra t i ons  above 0.06 ppm w i t h i n  hours (see t a b l e  9). Concern stems f rom 
t h e  f a c t  t h a t  ozone concent ra t ions  across most o f  No r th  America exceed 60 ppb 
d u r i n g  most o f  t h e  growing season. Much o f  our  knowledge about p l a n t  responses 
t o  ozone i s  summarized i n  r ecen t  volumes (Guderian 1985; U. S. Environmental  
P r o t e c t i o n  Agency 1986). 

M ix tu res  o f  Gaseous Pol l u t a n t s .  - - I n  t h e  v i c i n i t y  o f  major po l  1  u t a n t  
sources such as c i t i e s  and power p l a n t s ,  t h e  a i r  con ta ins  mix tu res  o f  gases, 
aeroso ls ,  and coarse p a r t i c u l a t e  mat te r .  Near power p l a n t s  SO u s u a l l y  i s  t h e  
predominant gas, b u t  NO and O3 can a l s o  be present .  The gase$ may be p resen t  
s imu l  taneously  , sequent?al l y  , o r  i n t e r m i t t e n t l y  ; however, t h e  exposure o f  
f o r e s t s  t o  more than  one o f  t h e  p o l l u t a n t s  s imul taneously  a t  concen t ra t ions  o f  
30 ppb o r  h i ghe r  i s  u n l i k e l y  t o  occur  w i t h  any apprec iab le  frequency i n  r u r a l  
areas f a r t h e r  than  50 km from a  p o i n t  source. The frequency o f  s imultaneous 
occurrences decreased as t h e  concen t ra t i on  o f  t h e  gas increased f o r  t h e  months 
o f  May through September d u r i n g  t h e  5-year pe r i od ,  1978-1982, o f  t he  s tudy  by 
Lefohn and h i s  co-workers (1987). M ix tu res  o f  SO and NO a re  exper ienced most 
f r e q u e n t l y  near p o i n t  sources; m ix tu res  o f  SO a6d NO a?e next ,  and m ix tu res  
o f  O3 and NO2 occur l e a s t  f r e q u e n t l y  (Lefohn a6d o the r$  1987). 

Concern rega rd ing  p o l l u t a n t  combinat ions e x i s t s  because c o n t r o l l e d  expo- 
su re  experiments w i t h  c e r t a i n  m ix tu res  i n d i c a t e  p l a n t s  respond t o  exposures o f  
p o l l u t a n t  m ix tu res  d i f f e r e n t l y  f rom t h e  way they  respond t o  t h e  s i n g l e  p o l l u -  
t a n t  (e.g. ,  m i x tu res  o f  O3 and SO toge the r  can cause i n j u r y  a t  concen t ra t ions  
lower  than  can e i t h e r  gas by i t s g l f ) .  Un fo r t una te l y ,  however, very  few o f  
these experiments have i nc l uded  woody p l a n t s .  

The e f f e c t s  o f  simultaneous co-occurrences o f  p o l l u t a n t s  (0 SO , NO ) on 
f o r e s t  t r e e s  may n o t  be impor tan t  i f  co-occurrences a re  as ra r8 'as  ?epor5ed 
by Lefohn and Tingey (1984) and Lefohn and o thers  (1987); however, t h e  sequence 
t o  which vege ta t i on  i s  exposed t o  m u l t i p l e  p o l l u t a n t s  may be impor tan t  i n  
caus ing growth e f f e c t s .  

M ix tu res  o f  gases can cause e f f e c t s  t h a t  a re  1) s i g n i f i c a n t l y  g r e a t e r  
t han  t he  a d d i t i v e  e f f e c t s  o f  t h e  gases s i n g l y  (synergism); 2) s i g n i f i c a n t l y  
l e s s  than t h e  a d d i t i v e  e f f e c t s  o f  t h e  gases (antagonism); o r  3) n o t  s i g n i f i -  
c a n t l y  d i f f e r e n t  from t h e  a d d i t i v e  e f f e c t s  o f  t h e  gases a c t i n g  alone ( a d d i t i v e )  
(Heagle and Johnston 1979). 

The 1  i k e l  ihood t h a t  a c i d  d e p o s i t i o n  and o t h e r  a i r bo rne  s u l f u r -  and 
n i t r ogen -  de r i ved  chemical s  w i  11 a f f e c t  t h e  f o r e s t s  o f  eas te rn  Nor th  America 
depends on t h e  e x t e n t  t h a t  t h e  chemicals e n t e r  t h e  t r ees .  

The a l t e r a t i o n  o f  p h y s i o l o g i c a l  processes (photosynthes is ,  r e s p i r a t i o n ,  
carbon uptake and a l l o c a t i o n ) ,  f o l i a r  leach ing ,  d i s r u p t i o n  o f  regenera t ion  and 
reproduc t ion ,  and changes i n  hos t  s u s c e p t i b i l i t y  t o  pests ,  pathogens, and 
mycor rh iza l  c o l o n i z a t i o n  r e s u l t i n g  from t h e  exposure o f  t r e e s  t o  a i r b o r n e  
chemical p o l l u t a n t s  a re  discussed i n  t h e  sec t ions  t h a t  f o l l o w .  



4.2.1 By What Physical, Chemical, and Biological Processes Are These Compounds 
Taken up by Plants, and Microorganisms? 

The life-sustaining processes of photosynthesis, respiration, and transpi- 
ration involve the exchange of gases between plants and the atmosphere. 
Exchange of gases during these processes occurs primarily through the stomata 
on the leaves because the epidermis is coated with a waxy cuticle that is 
relatively impervious to gases. Exposure to airborne chemical pollutants 
occurs during the above natural processes. 

Uptake of airborne chemical pol 1 utants involves: 1) exposure, i . e. , the 
presence of the chemical pollutant in the vicinity of the forest; 2) deposition 
into the forest; and 3) movement into the trees through the leaves or from the 
soi 1 into the roots. 

The processes of deposition are the crucial link between transport of 
atmospheric pollutants to forest canopies, their ultimate uptake and the mani- 
festation of effects on vegetation (Lindberg and McLaughlin 1986). The major 
problems of how to quantify pollutant dose so that both chemical species and 
exposure kinetics are identified, and how to characterize plant response so 
that actual or potential economic or ecologic losses can be quantified, are 
related to gas exchange at the atmosphere-leaf interface (Lindberg and 
McLaughlin 1986). The gas-exchange processes for the common gaseous species 
such as 0 SO2, HNO and NO2 have been parameterized i n  dry deposition models 
(Bal docch?'and otherZ91987). 

Differences in the rates of pol lutant deposition could, in part, account 
for the variation in plant responses that are usually considered a function of 
genotype, environment, pollutant exposure dynamics (movement of pollutants 
into the leaves), or the presence of other pollutants. Because the physiolo- 
gical sites of action for most gaseous pollutants are cells in the leaf 
interior (table lo), any factor that influences pol 1 utant deposition (e. g. , 
rate, concentration, form) will change the relationship between the concentra- 
tions of the pollutant in the atmosphere and the corresponding concentration at 
the sensitive sites within leaf cells. An understanding of the role of 
deposition processes should, therefore, aid in explaining patterns in pollutant 
effects on the physiological status, growth, development, and productivity of 
plants (Taylor and others 1988). 

Table 10. Types of Interactions of Gases With Plant Surfaces 

Adsorb to or react with all surfaces 

Interact primarily inside leaf tissue 

Exchange slowly with plants; 
potentially important interactions 

H202, HF, HC1, HN03 

S02, NH3, Cl2, NO2, H2C0, 

03, PAN, H20*, metabol ical ly 
reactive C02*, 02* 

N20, NO, CO, organic 
molecules such as 
hydrocarbons, pheromones, 
ethylene, and terpenes 

"Normal large-scal e exchange in metabol ic processes. 

Source: Hosker and Li ndberg (1982). 
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A v a r i e t y  o f  phys i ca l ,  chemical and b i o l o g i c a l  f a c t o r s  c o n t r o l  d e p o s i t i o n  
r a t e s  (Bennett  and H i l l  1975). These f a c t o r s  i nc l ude  t h e  mic rometeoro log ica l  
c o n d i t i o n s  above and w i t h i n  t h e  p l a n t  canopy, l e a f  su r face  c h a r a c t e r i s t i c s  
(shape, degree o f  pubescence, and sur face  chemist ry)  and t h e  chemical and 
b i o l o g i c a l  p r o p e r t i e s  o f  i n d i v i d u a l  p o l l u t a n t s ,  such as d i f f u s i v i t y ,  wa te r  
s o l u b i l i t y ,  and b i o l o g i c a l  r e a c t i v i t y  w i t h i n  c e l l  systems (L indberg and 
McLaughl in 1986). 

P o l l u t a n t  depos i t i on  can be addressed from d i f f e r e n t  l e v e l s  o f  organiza-  
t i o n :  1) a t  t h e  p l a n t  canopy l e v e l ,  focus ing  on atmospheric processes 
govern i  ng tu rbu lence  i n  t e r r e s t r i a l  1  andscapes and t h e  d i  s t r i  b u t i  on o f  p o l  1  u- 
t a n t  depos i t i on  s i t e s  w i t h i n  p l a n t  canopies; 2) a t  t h e  l e v e l  o f  t h e  i n d i v i d u a l  
l e a f ,  focus ing  on f o l i a r  s i t e s  o f  depos i t i on  and t h e  r o l e  o f  c u t i c u l a r ,  
stomata1 , and mesophyl 1  res is tances  i n  govern ing t r a c e  gas r a t e s  o f  exchange 
(Bennet t  and o the rs  1973); and 3) a t  t he  molecular  l e v e l ,  emphasizing t h e  
physiochemical  processes a t  t h e  i n t e r c e l l u l a r  space and mesophyll c e l l  su r f ace  
i n t e r f a c e  i n  t h e  l e a f  i n t e r i o r  (Tingey and Tay lo r  1982); 

Dry d e p o s i t i o n  o f  gaseous p o l  1  u tan t s  t o  p l a n t  canopies and i n d i v i d u a l  
leaves occurs because a  chemical g r a d i e n t  e x i s t s  between t he  atmosphere and t h e  
d e p o s i t i o n  s i t e s ,  e i t h e r  on t h e  e x t e r i o r  l e a f  sur faces o r  on c e l l s  o f  t h e  l e a f  
i n t e r i o r .  Dry depos i t i on  i nvo l ves  bo th  gases and p a r t i c l e s .  Depos i t i on  o f  
p a r t i c l e s  and c l oud  water t o  canopies and i n d i v i d u a l  leaves, however, i s  
governed p r i m a r i l y  by processes o the r  than d i f f u s i o n .  V e r t i c a l  t u rbu lence  
t r a n s p o r t s  p a r t i c l e s  across t h e  atmospheric boundary 1  ayer t o  t h e  laminar  
boundary l a y e r  o f  i n d i v i d u a l  leaves. Atmospheric tu rbu lence ,  which i s  governed 
by mechanical m ix ing ,  buoyancy, and sur face  roughness, increases depos i t i on .  
P a r t i c l e  c loud/water depos i t i on  i s  governed by g r a v i t a t i o n a l  s e t t l i n g ,  d r o p l e t  
impact ion,  i n t e r c e p t i o n  e f f i c i e n c i e s ,  and Brownian d i f f u s i o n  (Tay lo r  and o the rs  
1988). 

Dur ing wet d e p o s i t i o n  gases and p a r t i c l e s  a re  d e l i v e r e d  t o  t h e  canopy 
p a r t l y  i n  s o l u t i o n ,  thus enhancing t h e  poss i  b i  1  i t y  o f  s o r p t i o n  by f o l  iage.  
Other  forms o f  wet depos i t i on  such as dew, m i s t ,  and/or f o g  i n t e r c e p t i o n  can 
c r e a t e  c o n d i t i o n s  on t h e  l e a f  su r face  t h a t  l ead  t o  ext remely  h i gh  concentra- 
t i o n s  o f  p o l l u t a n t s  because o f  i n t e r a c t i o n s  w i t h  deposi ted p a r t i c l e s  and gases 
(Hosker and L indberg 1982). Wet depos i t i on  i s  ep i sod i c  and d e l i v e r s  t h e  
p o l l u t a n t s  i n  h i g h l y  i r r e g u l a r ,  i n t ense  concent ra t ions .  I n  a d d i t i o n  t o  
d e p o s i t i n g  p o l  1  u t a n t s  on p l a n t  sur faces,  w e t f a l l  may s imul taneously  remove 
p r e v i o u s l y  depos i ted  substances, thus r e d i s t r i b u t i n g  p o l l u t a n t s .  Therefore,  
t h e  ne t  e f f e c t s  o f  p r e c i p i t a t i o n  may be e i t h e r  t o  increase o r  decrease t h e  
sur face  concen t ra t i on  o f  a  p a r t i c u l a r  p o l l u t a n t  (L indberg and o the rs  1979). 

Surface exchange processes o c c u r r i n g  between t h e  atmosphere and p l a n t  
canopies p resen t  spec ia l  problems i n  mass t r a n s p o r t  o f  a i r  p o l l u t a n t s .  F luxes 
o f  a i r  p o l l u t a n t s  and m a t e r i a l s  such as CO and H 0  w i t h i n  t h e  canopy va ry  
because t h e  v e r t i c a l  d i s t r i b u t i o n  o f  source$ and s k k s  a l s o  v a r i e s  w i t h  canopy 
he igh t ,  t h e  spec ies composit ion, and w i t h  t h e  p h y s i o l o g i c a l  s t a t e  o f  p l a n t s .  
Gases r e a c t  w i t h  t h e  var ious  types o f  sur faces found w i t h i n  t h e  vege ta t i ve  
canopies, e s p e c i a l l y  leaves. Leaf sur faces o f  d i f f e r e n t  species vary  i n  degree 
o f  pubescence, number o f  t r ichomes, and i n  t h e  presence o f  wax and exudates. 
The e f f ec t i veness  o f  these competing s i nks  i s  n o t  equ iva len t .  The i n t e r a c t i o n  



o f  gases w i t h  these l e a f  components may a l t e r  the  ne t  e f f e c t  o f  any i n d i v i d u a l  
gas on vegetat ion (Heagle and Johnston, 1979; Hosker and Lindberg 1982; Taylor  
and others 1988). 

When gases o r  p a r t i c l e s  approach p l a n t  leaves, they must eventua l ly  pass 
through the  inner  p o r t i o n  o f  the  l e a f  boundary layer .  Transfer  w i t h i n  t h i s  
area i s  no longer governed by turbulence e f f e c t s .  The l e a f - a i r  microenviron- 
ment w i t h i n  t h i s  sublayer may d i f f e r  s u b s t a n t i a l l y  from t h a t  ou ts ide  the  
boundary l aye r .  Gases moving i n t o  the  l e a f  encounter concentrat ions o f  t rans-  
p i r e d  water vapor and a  v a r i e t y  o f  hydrocarbons such as terpenoids t h a t  are 
produced i n  secondary p l a n t  metabolism, v o l a t i l i z e d  i n t o  the  gas phase o f  t he  
l e a f  i n t e r i o r ,  and emit ted by the  l e a f  through the  stomata. These substances 
are h igher  w i t h i n  the  i nne r  boundary l a y e r  and may s i g n i f i c a n t l y  a f f e c t  t he  
sur face uptake o f  gases and p a r t i c l e s  (Hosker and Lindberg 1982). 

Gas exchange a t  the  atmosphere-leaf i n t e r f a c e  has c e r t a i n  unique aspects. 
These are: (1) a pronounced and viscous/stagnant l a y e r  i n  the  gas phase 
adjacent  t o  t he  l e a f  sur face (boundary l aye r )  and i n  t he  l e a f  i n t e r i o r  
(sub-stomatal chamber and i n t e r c e l l u l a r  space); (2) a  v a r i a b l e  d i f f u s i v e  
res is tance i n  the  gas phase due t o  changes i n  stomatal po ros i t y ;  (3) a  
d i s t r i b u t e d  a r ray  o f  extensive depos i t ion  s i t e s  both on the  l e a f  surface and 
w i t h i n  the  l e a f  i n t e r i o r ;  (4) a  b iochemical ly  va r i ab le  capac i ty  f o r  t race  gas 
depos i t ion  and a s s i m i l a t i o n  i n  the  mesophyll t i ssues ;  and (5)  a t  the  l e v e l  o f  
the  p l a n t  canopy, a  mix o f  f u n c t i o n a l l y  vary ing  l e a f  surfaces comprised o f  
d i f f e r e n t  age classes and species, each having i t s  own d i s t i n c t  l o c a l  micro- 
c l ima te  such t h a t  the  canopy's e f f e c t i v e  depos i t ion /s ink  p o t e n t i a l  var ies  i n  
space and time. 

Stomata1 con t ro l  o f  d i f f u s i o n  i n t o  the  l e a f  i s  a  major f a c t o r  i n f l u e n c i n g  
the  exchange o f  gaseous p o l l u t a n t s  between the  atmosphere and the  i n t e r n a l  
t i ssues  o f  leaves. A l l  s tudies i n d i c a t e  t h a t  stomatal res is tance ( the  ex ten t  
t o  which stomata are open o r  closed) i s  t he  most dynamic and most i n f l u e n t i a l  
res is tance t o  0  

? '  so?' 
and NO2 t r a n s f e r  when the  canopy i s  d ry  (Baldocchi and 

others 1987). unct  oning o f  stomata i n  t u r n  i s  c o n t r o l l e d  by both physio lo-  
g i c a l  and bioenvironmental processes (Hosker and Lindberg 1982; Wesely and 
Hicks 1977; Winner and others 1985). The r a t e  o f  d i f f u s i o n  through the  stomata 
depends on (1) the d i f f u s i v i t y  o f  the  gases, (2) the  magnitude o f  the  concen- 
t r a t i o n  grad ien t  f o r  a  s p e c i f i c  gas, and (3) the  degree t o  which stomata are 
open (Winner and others 1985). 

The t r a n s f e r  o f  gases from the  atmosphere t o  the  l e a f  i n t e r i o r  invo lves  
both a  gas phase and a  l i q u i d  phase. The l e a f  i n t e r i o r  i s  a  h i g h l y  porous and 
phys io log i ca l  l y  complex organ. Given the  l e a f '  s  morphology, the  ease o f  
d i f f u s i o n  and s i t e  depos i t ion  f o r  gaseous p o l l u t a n t s  are l i k e l y  t o  vary appre- 
c i a b l y  among gases i n  accordance w i t h  t h e i r  phys ica l  and chemical p rope r t i es  
(Tay lor  and others 1988). 

The gas-phase f l u x  depends upon the  concentrat ion grad ien t  between ambient 
a i r  and the  wet c e l l  surfaces w i t h i n  the  l e a f  and the  res is tance t o  mass 
t r a n s f e r  along the  d i f f u s i o n  pathway. W i th in  the  l e a f ,  f o l l o w i n g  depos i t ion  on 
wet c e l l  surfaces, f l u x  i s  governed by l iqu id-phase processes i n c l u d i n g  d i f f u -  
s ion,  format ion o f  p o l l u t a n t  de r i va t i ves ,  and p r o d u c t i v i t y  o f  p l a n t s  (Tingey and 
Tay 1  o r  1982). 



Uptake of some dry deposited gaseous pol 1 utants (sulfur  dioxide, nitrogen 
oxides, ozone, peroxyacyl n i t r a t e s ,  n i t r i c  acid ,  ammonia, and hydrogen perox- 
i de )  occurs by absorption and adsorption of the gas on the moist walls of 
mesophyll cel 1s. After diffusing into the in te rce l lu la r  space of the leaf 
i n t e r i o r ,  gas molecules are partitioned across t h i s  gas-to-liquid interface on 
c e l l  surfaces a t  a ra te  determined by the so lubi l i ty  of the gas in the external 
c e l l  solution and the chemical react ivi ty  of the gas in aqueous phase (Taylor 
and others 1983). Uptake of NO, par t icular ly ,  i s  controlled by i t s  extremely 
low solubi l i ty  (Malhoutra and Kahn 1984). Tingey and Taylor (1982) have 
proposed tha t  deposition s i t e s  for  highly reactive water-soluble gases such as 
HMO, and SO, are the leaf surface and the substomatal cavity,  whereas, the s i t e  
fo r J  less soyuble gases (e. g. , 03) i s  the mesophyll t i ssue (Taylor and others 
1988). 

Uptake of su l fa te ,  n i t r a t e ,  ammonium, and hydrogen ions and nutr ient  
cations and anions in f ine  and coarse par t ic les ,  in coarse par t iculate  matter, 
and in precipitation and cloud water a f t e r  impaction or gravitational s e t t l i n g  
on vegetation surfaces, occurs more slowly than uptake of gases. Uptake of 
these ions a f t e r  dissolution occurs mainly by diffusion through the cu t i c l e  on 
leaves or through the bark, and by diffusion through f ine feeder roots and 
mycorrhizae a f t e r  percolation and diffusion through the s o i l .  

Absorption ra tes  depend on pollutant concentration, cu t ic le  thickness and 
hydration, and the a f f in i ty  of cuticular compounds for the solutes involved. 
Sol ubl-e compounds may enter leaves through cut icular  breaks, trichomes, wounds, 
or stomata. Leaf exudates also may play a role in the entrllnce of deposited 
substances (Hosker and Lindberg 1982). 

Lichens and mosses, important nonvascular plants growing in fores t s ,  have 
low tolerances t o  a i r  pollutants (Winner and Bewley 1978a, 1978b). Their 
sens i t iv i ty  i s  greater ,  in par t ,  because these plants accumulate ai rborne 
compounds a t  a f a s t e r  ra te  than vascular plants do (Winner and others 1978). 
Lichens are  composed of a fungus and an alga. The thal lus  (plant body) of 
l ichens,  unlike the leaves of vascular plants ,  have no waxy cut ic le .  Bare 
patches, holes, pores, and depressions on the surfaces of the lichen permit the 
in te r ior  of the thal lus  to  be exposed to  ambient a i r  a l l  times of the day or 
night. For t h i s  reason, airborne chemicals can diffuse rapidly into the 
tha l lus  where they can accumulate and cause injury. The algal ce l l s  of lichens 
are  generally more sensi t ive  t o  injury by sulfur  dioxide and ozone than the 
fungal c e l l s  (Anderson and Treshow 1984). 

Mosses have low tolerances t o  a i r  pollutants.  Their leaves are usually a 
single cel l  thick and have no cu t ic le ,  therefore,  readily absorb airborne 
chemicals. Winner and others (19781, by using sulfur  isotopes, showed tha t  
mosses absorb airborne sulfur .  Because they can accumulate large quant i t ies  of 
sulfur  rapidly, they are more vulnerable t o  eff luents  such as SO2 than vascular 
plants (Winner and others 1978). 

Exposure of plants t o  airborne gases f ine  or coarse aerosols, or coarse 
par t iculate  matter through the soi 1 , i s  indirect .  Four separate processes 
are involved: 



* Deposit ion; 

. D isso lu t i on  i n t o  the  s o i l  water; 

* Perco la t ion  o r  d i f f u s i o n  through the  s o i l ;  and f i n a l l y ,  

Absorpt ion through the  surfaces o f  f i n e  feeder roo ts  o r  
mycorrhi zae. 

Many b i o t i c ,  phys ica l ,  and chemical f a c t o r s  i n f l uence  these processes. The 
emphasis o f  t h i s  sec t ion  i s  on fol iage-mediated e f f e c t s ;  there fore ,  the  s o i l -  
mediated exposures are n o t  discussed a t  t h i s  t ime. 

Microorganisms r e a d i l y  absorb s u l f u r -  and n i t rogen-conta in ing  compounds 
from s o i l  i n  f o r e s t  ecosystems. Microorganisms can immobi l ize n u t r i e n t s  and 
reduce the  q u a n t i t y  i n  the  s o i l  ava i l ab le  t o  p l a n t s  v i a  n u t r i e n t  a s s i m i l a t i o n  
(A1 exander 1977). 

I n  summary, t he  phys ica l ,  chemical, and b i o l o g i c a l  processes invo lved i n  
p l a n t  uptake o f  s u l f u r -  and n i t rogen-der ived compounds from both a i r  and s o i l  
are in f luenced by a v a r i e t y  o f  b i o t i c  and a b i o t i c  fac tors .  The b i o t i c  f ac to rs  
i nc l  lade 

* stage o f  p l a n t  development; 

genet ic  v a r i a t i o n  i n  p l a n t  species; 

compet i t ion among several species and i n d i v i d u a l s  o f  the  p l a n t  
community f o r  l i g h t ,  water,  growing space; and 

i n t e r a c t i o n  among the  po l  1 u tan t ,  the  p l a n t ,  p l a n t  pathogens 
and pests,  and r o o t  mycorrh iza l  fung i .  

The a b i o t i c  f a c t o r s  inc lude 

photoperiod; 

* l i g h t i n t e n s i t y ;  

* temperature; 

r e l a t i v e  humidity;  

amount o f  r a i n f a l l  and i t s  t im ing ;  

b so i  1 moisture; 

s o i l  f e r t i l i t y ;  

i n t e r a c t i o n s  among co-occurr ing p o l l u t a n t  chemicals; and 

dewfal l  (Heck 1982). 



4.2.2 What i s  the Mode of Action of the Different Airborne Chemical 
Pol 1 utants? 

Gaseous pollutants must enter plants t o  cause an effect .  Alteration of 
physiological processes begins a t  the biochemical level within the c e l l s  of 
leaves. Entrance i s  mainly through the stomata in the leaves, though some 
entrance may occur through the cu t ic le ,  especially i f  i t  i s  weathered or  damaged. 
Pollutant uptake i s  controlled by the stomata and the environmental conditions 
t h a t  determine stomatal behavior. Any action of a pollutant on stomatal 
behavior affects  gas exchange and water loss from plants (Black 1985). Leaf 
( i  . e. , stomatal) conductance regulates the movement of the gas from the leaf 
boundary layer into the leaves (Black 1985; Tingey and Taylor 1982; Winner and 
Mooney 1980a, 1980b). The mode of action of sulfur- and nitrogen-containing 
gaseous pollutants,  of ozone, and of mixtures of these pollutants i s  discussed 
in the sections t ha t  follow. 

Sulfur dioxide, nitrogen oxides, ozone and PAN (and possibly hydrogen 
peroxide, H 0 ), the major pollutants discussed in t h i s  chapter, have a number 
of features2i?i common: 

1) All f ive  pollutants are  gases tha t  enter plants primarily 
through stomata; 

2) A t  l e a s t  the f i r s t  three a l t e r  the normal regulatory function of 
guard ce l l s  and thus can increase or (usually) decrease stomatal 
conductance; 

3) All f ive  are highly reactive oxidizing agents, and a t  l eas t  the 
f i r s t  three attack the membranes and organelles of ce l l s  and 
thus a l t e r  general metabolic processes; 

4)  The f i r s t  four are known to  inhibi t  photosynthesis, increase 
respiration,  and a1 t e r  carbon a1 1 ocation between shoots and 
roots. 

a )  Sulfur Compounds 

Sulfur Dioxide. --Uptake of SO2 through stomata occurs mainly in the summer. 
Stomata1 ac t iv i ty  in winter i s  low, although uptake in even subzero temperatures 
may occur in some evergreen t rees .  Deciduous t rees  a1 so can absorb SO2 in 
winter i f  t h e i r  l en t ice l s  are active (Garsed 1985). 

There i s  no simple pattern of stomatal response to  SO . Exposure t o  SO2 
may induce e i ther  increased stomatal opening or closure it? the same species. 
Low concentrations in some studies increased stomatal opening, while high 
concentrations induced closure (Black 1985). Responses t o  SO are so diverse 
and depend on so many factors ,  i t  i s  extremely d i f f i c u l t  to  Jssess the long- 
term imp1 ications of exposure. Within a forest  canopy, stomatal responses vary 
spa t ia l ly  and with time in concert with variation in pollutant concentrations, 
environmental conditions, and the biological s t a t e  of each par t icular  plant 
part  (Bl ac k 1985). 



Regardless o f  the  ambient a i r  concentrat ion o f  SO t o  which t rees  are 
exposed, t r e e  response i s  determined by the  amount o f  50 t h a t  enters the  
leaves o f  the  t rees.  A f t e r  d i f f u s i n g  through the  s$_omata, %O dissolve_s i n  t he  
water on the  c e l l  u l  a r  surfaces t o  form sul  P i  t e  (SO ), b i s u l f i t e  (HSO ) and, 
depending on the  pH o f  the  surrounding medium, 0 t h  r i o n i c  species ( ~ i l h o u t r a  
and Kahn 1984). Both s u l f i t e  and b i s u l f i t e  are t o x i c  t o  many biochemical and 
phys io log i ca l  processes (Malhoutra and Hocking 1976; Z i e g l e r  1975). 

Plants  can d e t o x i f y  s u l f i t e  and b i s u l f i t e  by f u r t h e r  o x i d i z i n g  them t o  
s u l f a t e .  T o x i c i t y  i s  determined by the  s i t e  a t  which conversion occurs. 
T o x i c i t y  may occur i f ,  dur ing  sho r t  episodes w i t h  h igh  SO concentrat ions,  t he  
r a t e  o f  SO conversion t o  s u l f a t e  i s  exceeded (Z ieg le r  k75). A t  low SO 
concentrat igns,  p l a n t s  can accumulate s u l f u r  compounds; however, c h r o n i z  
symptoms may appear i f  the  capac i ty  o f  a  p l a n t  t o  me tabo l i ca l l y  incorpora te  
s u l f a t e  i s  exceeded. Detr imenta l  t o x i c  e f f e c t s  are usua l l y  associated w i t h  

concentrat ions,  wh i l e  growth s t i m u l a t i o n  o r  no e f f e c t s  may be 
d  w i t h  exposure t o  1  ow concentrat ions (U. S. Environmental P ro tec t i on  

Agency 1982a). 

Su l fa te  Aerosols. - -Sul fate aerosols are secondary p o l l u t a n t s  f y y e d  i n  t h e  
atmosphere through the  ox ida t i on  o f  SO, t o  su l f a tes .  Su l fa tes  (SO, ) are an 

L important  component o f  a c i d  deposi t ion,  b u t  s tud ies  dea l ing  w i t h  the4e-ffects o f  
s u l f a t e s  are 1  im i ted .  The m a j o r i t y  o f  the  s tud ies  r e p o r t i n g  t h e  e f f e c t s  on 
vegeta t ion  o f  su l  fa te -conta in ing  a c i d  depos i t ion  emphasize the  hydrogen ion ,  
the  associated changes i n  pH, and the  e f f e c t s  o f  the  gaseous components 
( A l t s h u l l e r  and L i n t h u r s t  1984). 

Aerosols must be so lub le  t o  en ter  leaves through stomata, tr ichomes, o r  
c u t i c u l a r  breaks and wounds before i n j u r y  can occur a t  the  c e l l u l a r  l e v e l  
w i t h i n  a  p l a n t  (Hosker and Lindberg 1982). Chevone and others (1986) suggest 
t h a t  s u l f u r i c  a c i d  aerosols can enter  leaves through the  stomata; howevy, no 
v i s i b l e  i n j u r y  was noted i n  soybeans exposed t o  a c i d  aerosols (500 pg/m f o r  
4 hours), a  concentrat ion much qreater  than i s  usua l l y  observed i n  the  ambient 
a i r .  ~ b i  i a r  i n j u r y  was observed; however, when p i n t o  -beans (Phaseol us 
L. ) were exposed f o r  a  3-week pe r iod  t o  submicrometer ammonium s u l f a t e  aerosols 
us ing an aerosol concentrat ion two orders o f  magnitude above the  ambient (Gmur 
and others 1983). Leaf i n j u r y  was probably due t o  the  ammonium f r a c t i o n  o f  t he  
aerosol as s u l f a t e  i n  leaves has no t  been shown t o  be i n j u r i o u s  (Nih lgard 
3.985). No f i e l d  s tud ies  dea l ing  w i t h  the  uptake o f  s u l f a t e  have been found i n  
the  l i t e r a t u r e  (Krupa and Legge 1986). 

b) N i  trogen Compounds 

.--Gaseous n i t rogen  compounds, p r i n c i p a l l y  NO and NO must 
d i f f u s e  through stomata o r  c u t i c l e  t o  cause a  p l a n t  e f f e c t .  ~ e r t u & a t i o n  
w i t h i n  mesophyll c e l l s  i n  the  l e a f  r e s u l t s  a f t e r  gaseous NO o r  NO from the  
ambient a i r  enters the  stomata, d issolves i n  the  ex t race l  l u l a r  wa?er on the  
mois t  c e l l  surfaces, and reacts t o  form n i t r o u s  oxide which then d issoc ia tes  t o  
n i t r i t e  (NO ) The s o l u b i l i t y  o f  NO and NO i n  the  ex t race l  l u l a r  water i s  a  
major in f lugnce i n  determining the  r a t e  o f  up?ake. While NO i s  poo r l y  so luble,  
NO2 i s  h i g h l y  so lub le  (Mansf ield and Freer-Smith 1981). The s o l u b i l i t y  o f  NO 
i n  xylem sap i s  g rea ter  than i n  d i s t i l l e d  water. This  f a c t  may play an 



impor tan t  r o l e  i n  i t s  uptake because xylem sap i s  continuous w i t h  the  ex t ra -  
cet  l u l  a r  water i n a  l e a f  (Anderson and Mansf i e l  d  1979). Both stomata1 and 
mesophyll res is tance con t ro l  uptake (Sr ivastava and others 1975a). 

Plants have the  a b i l i t y  t o  metabol ize t h ~  d isso lved NO v i a  the  f o l l o w i n g  
general metabol i c pathway: NOx+NO +NO +NH4 +ami no a c i  ds+brotei ns. N i t r i t e  
i s  usual 1y considered t o  be a  t o  c  io%, though no t  a l l  s c i e n t i s t s  agree. 
Ava i l ab le  evidence suggests t h a t  fec ts  o f  NO are a  consequence o f  increased 
n i t r i t e  and n i t r a t e  concentrat ions w i t h i n  plan't c e l  l s ,  p a r t i c u l a r l y  n i t r i t e .  
Normal n i t rogen  metabolism fo l l ows  the  pathway i nd i ca ted  above. I f  amino ac ids  
a re  no t  formed, t o x i c  compounds w i  11 accumulate. I n j u r y  r e s u l t s  when n i t r i t e  
reduc t i on  i n  leaves i s  i n h i b i t e d  (Mansf ield and Freer-Smi t h  1981). P lan ts  
t h a t  have been exposed t o  NO2 e x h i b i t  increased concentrat ions o f  n i t r a t e  
reductase ( N i R )  i n  the  leaves. Plants exposed t o  both NO and SO2 f a i l e d  t o  
show an increase i n  n i t r a t e  reductase i n  the  leaves (Mansf e l d  and Freer-Smith 
1981). Most o f  the  e f f e c t s  o f  NOx on n i t r a t e  metabolism can be expla ined by 
assuming po l  lu tan t - induced changes i n  the  ra tes  o f  reduc t ion  o f  NO3 and NO2 
ions  by p l a n t s  (Rowland and others 1985). 

.--The concentrat ions requ i red  t o  cause 
een we l l  quan t i f i ed .  Fol iaqe i s  t h e  most 

suscept ib le  p l a n t  p a r t  ( ~ a t i o n a l  Research Council 1977a). ~mmonia d isso lves  i n  
t h e  w a t e r f i l m  on the  wa l l s  o f  the  mesophyll c e l l s  a f t e r  entrance through t h e  
stomata. This  view i s  supported by experiments i n  which p i n t o  bean p l a n t s  were 
exposed f o r  12 t o  21  days t o  submicrometer ammonium s u l f a t e  aerosols a t  conceg- 
t r a t i o n s  two orders o f  magnitude above the  ambient concentrat ion o f  60-100 pg . 
V i  s  i b l  e  i n j u r y  was observed a1 ong the  1  eaf  margi ns ; however, i n i  ti a1 i n jury5 was 
t o  the  spongy mesophyll c e l l s  (Gmur # others 1983). Experiments us ing  NH3 i n d i c a t e  t h a t  once i n s i d e  the  c e l l ,  N  i s  incorporated i n t o  amino ac ids and 
p ro te ins  and u l t i m a t e l y  i s  t ranspor ted  t o  the  roo ts  (van Hove and others 1987). 

N i t ra tes .  --Dry depos i t ion  o f  n i t r a t e s  i n t o  f o r e s t s  can be an important  
source o f  inorgan ic  n i t rogen.  Lovet t  and Lindberg (1986) repor ted t h a t  d r y  
depos i t ion  o f  atmospheric n i t r a t e s  suppl ied nea r l y  60 percent o f  the  inorgan ic  
n i t rogen  deposited i n  the  Walker Branch Watershed i n  eastern Tennessee. Canopy 
ne t  uptake was est imated t o  have been 3.2 kg NO -N/ha/year. Canopy uptake of 
deposited n i t r a t e  i s  considered t o  be a  general henomenon i n  fo res t  ecosystems, 
Taylor  and others (1988) p o i n t  ou t  t h a t  the  depos i t ion  s i t e  f o r  HN03 vapor i s  
t he  l e a f  surface and the  substomatal cav i t y .  N i t r a t e s ,  as w e l l  as s u l f a t e s  
deposited on the  s o i l ,  can enhance growth. The f a t e  o f  n i t r a t e  aerosols a f t e r  
depos i t ion  on p l a n t  f o l i a g e  i s  an area needing study. 

Peroxyacetyl N i t ra tes .  PAN i s  the  most common member o f  a ser ies  o f  
homologues t h a t  increase i n  p h y t o t o x i c i t y  w i t h  increase i n  molecular weight. 
Only PAN i s  found i n  ambient a i r  a t  concentrat ions t h a t  are i n j u r i o u s  t o  
vegetat ion,  and then on ly  i n  l i m i t e d  areas o f  the  country  (U. S. Environmental 
P ro tec t i on  Agency 1986). Because concentrat ions i n j u r i o u s  t o  vegetat ion have 
no t  been repor ted  from the  eastern Uni ted States,  and because woody p l a n t s  a re  
no t  very suscept ib le  t o  i n j u r y  by PAN, i t s  mode o f  a c t i o n  w i l l  no t  be discussed 
here. 

Only ozone t h a t  enters the  p l a n t  through the  l e a f  stomata can impair  p l a n t  
processes. An e f f e c t  w i l l  c x u r  on l y  i f  s u f f i c i e n t  ozone reaches the  s e n s i t i v e  
s i t e s  w i t h i n  a l e a f .  The e;~'ects range from sub t l e  mod i f i ca t ions  o f  c e l l u l a r  
b iochemist ry  and whole p l a n t  ~ h y s i o l o g y  t o  v i s i b l e  i n j u r y .  



c )  Ozone and Hydrogen Peroxide 

Ozone. --Ozone en te rs  t h e  l e a f  through stomata; once w i t h i n  t h e  l e a f  i t  
q u i c k l y  d i sso l ves  i n  t h e  aqueous l a y e r  on t h e  c e l l s  l i n i n g  t h e  a i r  spaces. 
Ozone, o r  i t s  decomposit ion products ,  then  d i f f u s e s  through t h e  c e l l  w a l l  and 
membrane i n t o  t h e  c e l l ,  where i t  may a f f e c t  c e l l  u l  a r  metabol ism. A t  any p o i n t  
a long  t h i s  pathway, ozone o r  i t s  decomposit ion p roduc ts  may r e a c t  w i t h  c e l l u l a r  
components. A l t e r e d  c e l l  s t r u c t u r e  and f u n c t i o n  may r e s u l t  i n  changes i n  
membrane permeabi 1  i ty  , carbon d i  o x i  de f i x a t i o n ,  and many secondary metabol i c  
processes (Tingey and Tay lo r  1982). 

Ozone i n j u r y  w i l l  n o t  be de tec ted  i f  (1) t h e  r a t e  o f  ozone uptake i s  
s u f f i c i e n t l y  smal l  so t h a t  t h e  p l a n t  i s  ab le  t o  d e t o x i f y  o r  metabol ize ozone o r  
i t s  d e r i v a l i v e s ;  o r  (2) t h e  p l a n t  i s  ab le  t o  r e p a i r  o r  compensate f o r  t he  ozone 
impacts (Tingey and Tay lo r  1982). 

The uptake and movement o f  ozone t o  s e n s i t i v e  c e l l u l a r  s i t e s  a re  sub jec t  
t o  va r i ous  p h y s i o l o g i c a l  and biochemical  c o n t r o l s .  The magnitude o f  ozone- 
induced e f f e c t s  w i l l  depend upon t h e  phys i ca l  environment o f  t h e  p l a n t ,  i n c l u d -  
i n g  macro- and m i c r o c l i m a t i c  f a c t o r s ;  t h e  chemical environment o f  t h e  p l a n t ,  
i n c l u d i n g  o t h e r  gaseous a i r  p o l l u t a n t s ;  and b i o l o g i c a l  f a c t o r s ,  i n c l u d i n g  
gene t i c  p o t e n t i a l ,  developmental age o f  t h e  p l a n t ,  and i n t e r a c t i o n  w i t h  p l a n t  
diseases and i nsec t s ,  C e l l u l a r  i n j u r y  may subsequent ly man i fes t  i t s e l f  i n  a  
number o f  ways, i n c l u d i n g  v i s i b l e  f o l i a r  i n j u r y ;  premature senescence; reduced 
growth o r  y i e l d ,  o r  both;  reduced p l a n t  v i g o r ;  and sometimes death. 

Some s c i e n t i s t s  cons ider  membranes t o  be t h e  p r imary  s i t e  o f  a c t i o n  o f  
ozone (Heath 1980; Tingey and Tay lo r  1982). A l t e r a t i o n  i n  plasma membrane 
f u n c t i o n  i s  an e a r b  event  i n  t h e  sequence o f  ozone-induced e f f e c t s  t h a t  
e v e n t u a l l y  leads t o  l e a f  i n j u r y  and subsequent growth reduc t ion .  Changes i n  
t h e  semipermeabi 1 i l y  o f  t h e  membrane a re  evidenced by changes i n  f l u x e s  o f  
carbohydrates, ami no ac ids  , i norgani c  i ons  , and water  (Heath 1975, 1980 ; 
Tingey and Tay lo r  1982). These f u n c t i o n a l  changes l e a d  t o  c e l l  u l a r  dysfunc- 
t i o n  and death s i m i l a r  t o  t h a t  induced by water s t r e s s  and pathogenesis (Heath 
1975; Thomson 1975; Tingey and o thers  1976b). 

. - -Study o f  p l a n t  response t o  H O2 i s  i n  t h e  e a r l y  
(1986) r epo r ted  i n j u r y  t o  ~ o r w $ ~  spruce ( Picea 
exposures t o  an a c i d i c  m i s t  c o n t a i n i n g  H 

reported a s i g n i f i c a n t  decrease o f  c e l l  area i n  t h e  mesophyll i n  b o t  
and secondary needles and a l s o  i n  t h e  vascu la r  bundles; however, i n  some cases 
changes were found o n l y  i n  t h e  p r imary  needles. Movement i n t o  t he  l e a f  was 
cons idered t o  be through t h e  stomata. The authors  s t a t e  t h a t  H O2 must be 
considered an impor tan t  f a c t o r  i n  f o r e s t  dieback i n  Europe. A t  $resent  t h i s  
view i s  sub jec t  t o  quest ion,  as s c i e n t i s t s  i n  t h e  Un i ted  S ta tes  have n o t  been 
able t o  d u p l i c a t e  t h e  work o f  M a l l a n t  and o thers  (1986). 

6 )  Mixtures o f  Gaseous P o l l u t a n t s  

L i t t l e  i s  known about how stomata1 r e g u l a t i o n  and assoc ia ted  biochemical  
and p h y s i o l o g i c a l  processes a re  i n f l u e n c e d  by mix tu res  o f  p o l l u t a n t s  (Malhoutra 
and Kahn 1984). The e f f e c t s  o f  p o l l u t a n t  m ix tu res  a re  complex and d i f f e r  w i t h  
species,  c u l t i v a r ,  and exper imental  cond i t i ons  (Ormrod 1982). The e f f e c t s  o f  
m ix tu res  o f  gases on p l a n t s  a re  p o s s i b l y  mediated by t h e  f o l l ow ing :  



1) reac t i ons  between t h e  p o l l u t a n t  gases a f t e r  e n t e r i n g  t h e  l e a f ;  2) an e f f e c t  
by  one o f  t h e  gases on t h e  stomata1 aper tu re ;  3) compe t i t i on  between t h e  gases 
f o r  t he  r e a c t i o n  s i t e s ;  4) a  change a t  t h e  r e a c t i o n  s i t e s  i n  s e n s i t i v i t y ;  o r  
5) a  combinat ion o f  these e f f e c t s  (Heagle and Johnston 1979). 

M ix tu res  o f  Gases and Aerosols . - -F ine p a r t i c u l a t e  aerosols  and ozone a r e  
formed concu r ren t l y  i n  t h e  atmosphere. The i n t e r a c t i o n  o f  p a r t i c u l a t e  s u l f a t e  
ae roso l s  and ozone i s  a  p o s s i b l e  reason f o r  concern. F ine p a r t i c u l a t e  aeroso ls  
accumulate a t  n i g h t  i n  a r e a c t i v e  plume, w h i l e  ozone decreases a t  n i g h t  and 
t h e n  peaks d u r i n g  t h e  daytime hours. Thus, because o f  t h e  d i u r n a l  photochemi- 
c a l  p a t t e r n s  o f  ozone, vege ta t i on  i s  f i r s t  exposed t o  peak s u l f a t e  aeroso ls  
concen t ra t i ons  be fo re  exposure t o  ozone (Krupa and Legge 1986). Under these 
circumstances when cond i t i ons  a re  a c i d i c ,  t h e  res idence t ime o f  ozone i s  
s i  g n i  f i c a n t l y  i ncreased (Chevone and o the rs  1986; Krupa and Legge 1986). 

Dur ing pe r i ods  o f  wet depos i t ion ,  ambient ozone concent ra t ions  a re  gener- 
a l  l y  below- d e t e c t i o n  1  i m i  t s ;  however, t h e  a c i d i f i c a t i o n  o f  recep to r  su r faces  
c o d  d  p r e d i  spose f o l  i a r  sur faces t o  - subsequent ozone exposure. Labora to ry  
s t u d i e s  suggest t h i s  p o s s i b i l i t y .  Ne i t he r  soybean (Glyc ine max L.) nor  p i n t o  
bean (Phase01 us L. ) e x v b i t e d  v i s i b l e  f o l  i a r -  i n j u r y T h e n  exposed t o  
s u l f u r i c  a c i d  ae 500 pg/m f o r  4 hours);  however, when exposed t o  ozone 
a t  190 ppb f o r  4 hours, v i s i b l e  i n j u r y  was observed (Krupa and Legge 1986). 
Chevone and o the rs  (1986) r epo r ted  s i m i l a r  r e s u l t s  us i ng  s i m i l a r  concen t ra t ions  
o f  ozone and a c i d  aerosols .  A d d i t i o n a l  s t ud ies  a re  needed t o  determine whether 
p r e d i s p o s i t i o n  occurs when s u l f u r i c  a c i d  aeroso ls  a t  concen t ra t ions  near 
ambient a re  used i n  t h e  exposures. 

e) A c i d i c  Depos i t i on  

A c i d i c  depos i t i on ,  i n  wet form, i s  a  d i l u t e  s o l u t i o n  o f  hydrogen i o n s  and 
assoc ia ted  anions.   his s o l u t i o n ,  -depending on t h e  sur face  ;t comes i n t o  
c o n t a c t  w i t h ,  i s  e a s i l y  a l t e r e d .  I f  t h e  sur face  i s  bas ic ,  t h e  pH increases;  i f  
a c i d i c ,  t h e  pH may decrease (Bennett  and o thers  1985). The so lub le - ions  u s u a l l y  
encguntered i n  p r e c i p i t a t i o n  a re  hydrogen (H ), b igarbonate (HCO 3 ,  ca l c i um 
(Ca 1, magnesium (Mg-), sodium (Na ), potpssium (K ), s u l f a t e  (S~L), n i t r a t e  
(NO, ), c h l o r i d e  (C1 ) ,  and ammonium (NH, ). S u l f a t e  and n i t r a t e  i ons  a re  t h e  
domfnant ones i n  p r e c i p i t a t i o n  i n  t h e   as? (Stensland and o thers  1986). 

Much has been w r i t t e n  about t h e  p o s s i b l e  e f f e c t s  o f  a c i d i c  d e p o s i t i o n  on 
f o r e s t s  and i t s  r e l a t i o n s h i p  t o  f o r e s t  dec l ine .  No evidence t o  date suppor ts  
t h e  concept t h a t  t he re  i s  a  d i r e c t  r e l a t i o n s h i p  between a c i d i c  d e p o s i t i o n  and 
f o r e s t  e f f e c t s .  A p o s s i b l e  i n d i r e c t  e f f e c t  o f  a c i d i c  d e p o s i t i o n  on f o r e s t s  v i a  
so i l -med ia ted  response mechanisms has been hypothesized (Amthor 1984; Bennet t  
and o thers  1985; Na t iona l  Ac id  P r e c i p i t a t i o n  Assessment Program 1987;). In a 
separate document, B ink ley  and o thers  (1989) d iscuss so i l -med ia ted  responses. 

Summary.--Gaseous atmospheric p o l l u t a n t s  must e n t e r  p l a n t s ,  c h i e f l y  
through t h e  stomata, t o  cause a  response. P o l l u t a n t  chemicals i n  t h e  gas phase 
d i f f u s e  through t h e  stomata i n t o  t h e  substomatal c a v i t y  where they  e n t e r  t h e  
l i q u i d  phase by  d i s s o l v i n g  i n  t h e  water  f i l m  on t h e  w a l l s  o f  t h e  c e l l s  l i n i n g  
t h e  substomatal c a v i t y .  From t h i s  p o i n t  a long  t h i s  pathway, t h e  phenomena t h a t  
i n f l u e n c e  t h e  behavior  o f  t h e  p o l l u t a n t  chemicals a re  n o t  w e l l  understood. The 
c e l l  membrane has been suggested as t h e  s i t e  o f  ozone-induced p e r t u r b a t i o n  



(Tingey and Taylor  1982). Other p o l l u t a n t s  may a l so  move through the  membrane 
i n t o  t h e  c e l l .  Per tu rba t ion ,  changes i n  c e l l  s t r u c t i v e  o r  func t ion ,  may 
r e s u l t .  The phys io log i ca l  and biochemical changes t h a t  cause pe r tu rba t i on  are 
no t  w e l l  understood f o r  the  m a j o r i t y  o f  the  p o l l u t a n t s .  S u l f u r  d iox ide,  
n i t rogen  oxides, and ozone have been s tud ied  the  most. Response o f  p lan ts  t o  
n i t rogen  oxides i s  based s o l e l y  on experiments conducted i n  the  labora tory ,  
greenhouse, o r  i n  t he  f i e l d  under simulated ambient cond i t ions .  A t  present no 
data e x i s t  i n d i c a t i n g  t h a t  vegetat ion i n  the  f i e l d  i n  the  Uni ted States has 
been i n j u r e d  by n i t rogen  oxides alone. 

Ac id i c  depos i t ion  has no t  been shown t o  have an adverse e f f e c t  on f o r e s t s  
v i a  fol iage-mediated response mechanisms. 

4.2.3 I s  Photosynthesis i n  Forest Trees A l te red  by Exposure t o  Airborne 
Chemical Pol 1 u tan ts?  

Movement o f  p o l l u t a n t  chemicals through stomata i n t o  c e l l s  i n  the  l e a f  
i n t e r i o r  can a1 t e r  c e l l u l a r  func t ion .  I n h i b i t i o n  o f  photosynthesis i s  one o f  
the  phys io log i ca l  changes a t t r i b u t e d  t o  the  entrance o f  a i rborne p o l l u t a n t  
chemicals i n t o  p l a n t  leaves. 

Carbon i s  the  bas ic  b u i l d i n g  b lock  o f  the  l a rge  organic molecules necessary 
f o r  l i f e .  P lants accumulate, s to re ,  and use carbon t o  b u i l d  t h e i r  s t r u c t u r e  
and main ta in  t h e i r  phys io log i ca l  processes. Plants ob ta in  carbon from the  
atmosphere and dur ing  the  process o f  photosynthesis use s u n l i g h t  t o  convert  
carbon d iox ide  (CO ) i n t o  carbohydrates. Carbohydrates serve as the  raw 
ma te r ia l s  f o r  f u r t z e r  biochemical synthesis.  Photosynthesis takes p lace i n  
ch lo rop las ts  t h a t  are loca ted i n  the  pal isade parenchyma and spongy mesophyll 
c e l l s  o f  leaves (Waring and Schlesinger 1985). 

From the  atmosphere, gaseous carbon d iox ide  d i f f u s e s  through the  stomata 
i n t o  t h e  substomata c a v i t y  and the  i n t e r c e l l u l a r  spaces o f  the  l e a f .  Then, i n  
the  l i q u i d  phase, i t  d i f f u s e s  through the  c e l l  membrane i n t o  the  pal isade and 
spongy mesophyll c e l l s  (Waring and Schlesinger,  1985). A l t e r a t i o n  o r  d isrup-  
t i o n  o f  the  movement o f  carbon d iox ide  i n t o  t r e e  leaves can a f f e c t  the  process 
o f  photosynthesis.  

a) S u l f u r  Compounds 

S u l f u r  Dioxide. I n h i b i t i o n  o f  photosynthesis o f t e n  i s  regarded as the  
f i r s t  s i gn  o f  SO t o x i c i t y  i n  p l a n t s  (Dar ra l l  1986; Hz l l g ren  1978). P o l l u t -  
ants, such as sd! have a d i r e c t  e f f e c t  on the  photosynthet ic  capaci ty  o f  
leaves even a t  v e 6  low concentrat ions. The r a t e  o f  photosynthesis i n  a l e a f  
a t  any t ime i s governed by c e r t a i n  phys io log i ca l  f ac to rs ,  i n c l  udi  ng stomatal 
conductance; the  n u t r i e n t  content  o f  leaves; and the  biochemical i n t e g r i t y  o f  
organel les,  membranes, and enzymes i n  the  l e a f  mesophyll c e l l s  (Winner and 
others 1985). By a l t e r i n g  stomatal conductance o r  by changing the  metabol ic 
capac i ty  o f  mesophyll c e l l s ,  SO2 can a f f e c t  photosynthesis (Winner and Mooney 
1980a; Z i e g l e r  1975). 

S u l f u r  d iox ide ,  regardless o f  whether i t  induces stomatal opening o r  
c l  osure , general l y  has =i negative i n f  l uence on photosynthes i s ( W i  nner and 
others 1985). A t  l e a s t  i n i t i a l l y ,  decreased photosynthesis i s  r e l a t e d  t o  
decreased stomatal conductance. Leaves w i t h  the  h ighest  conductance, ( the  
l e a s t  stomatal res is tance t o  the  en t r y  o f  atmospheric gases) w i l l  receive the  
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permanent. Recovery began immediately w i t h  the  te rminat ion  o f  exposure. The 
t ime requ i red  f o r  complete recovery depended on the  magnitude o f  i n h i b i t i o n  
( H i l l  and Bennett 1970). 

The concentrat ions o f  NO PAN, and PPM and the  p e r i o d  of exposure requ i red  
t o  i n h i b i t  photosynthesis d i & r  w i t h  the  p l a n t  species o r  c u l t i v a r ,  l e a f  age, 
humidi ty ,  temperature and amount o f  l i g h t  ( S r i  vastava and others 1975b; U. S. 
Environmental P ro tec t i on  Agency 1986). N i t r i c  oxide (NO) was repor ted t o  
be approximately h a l f  as e f f e c t i v e  i n  reducing apparent photosynthesis i n  
a l f a l f a  and oats as NO ; however, the  decrease i n  the  r a t e  o f  photosynthesis as 
we1 l as the  r a t e  o f  rgcovery was more r a p i d  ( H i l l  and Bennett 1970). Photo- 
synthesi s  i n beans was s i  gni  f i c a n t l y  depressed by n i t rogen  d i  ox i  de concentpa- 
t i o n s  o f  1,000 ppb o r  h igher  f o r  exposures o f  h a l f  an hour o r  longer, The 
degree o f  i n h i b i t i o n  was increased by increas ing  NQ concentrat ion and increas-  
i ng exposure t ime (Sr ivastava and others 1975a). h e  percentage o f  i nhi  b i  t i  on 
changed w i t h  l e a f  age and was h ighest  f o r  leaves t h a t  had the h ighest  r a t e s  s f  
photosynthesis.  The reduct ion  o f  photosynthesis t o  a greater  ex ten t  than 
t r a n s p i r a t i o n  o r  stomata1 conductance suggests t h a t  the  i n h i b i t o r y  e f f e c t  o f  
NO2 occurred w i t h i n  the  l e a f  and no t  a t  the  p o i n t  o f  CQ2 en t ry .  

The e f f e c t s  observed i n  the  studies discussed above occurred a t  exposures 
t h a t  have never been repor ted  (1,000 ppb f o r  1 hour o r  longer) i n  the  ambient 
a i r  w i t h  the  poss ib le  except ion o f  the  h ighest  concentrat ions observed around a 
very few s t rong emission sources. Capron and Mansf ie ld (19761, however, 
observed a reduct ion  i n  the  ~ h o t o s v n t h e t i c  r a t e  o f  tomato ( L v c o ~ e r s i c o n  
exculentum M i  11. ) p lan ts  expos'ed t o  350 ppb o f  NU2 and 250 ppd of i 0  o r  h igher  
concentrat ions over a 20-hour per iod.  The e f f e c t  o f  the  two gases on combina- 
t i o n  resu l ted  i n  an a d d i t i v e  i n h i b i t i o n  o f  photosynthesis. 

., 

c) Ozone 

The e f f e c t s  o f  0 on l e a f  gas exchange are no t  as w e l l  known as f o r  S8 
This i s  su rp r i s i ng ,  s?nce 0 i s  considered t o  be the  more i n j u r i o u s  po l  l u t a  
o f  the  two. However, few sy$tems have been b u i l t  which permi t  the  i n t r o d u c t i o n  
o f  O3 i n t o  l e a f  cuvet tes so t h a t  dynamic l e a f  responses t o  0 can be measured. 
Lack o f  such systems a lso  prevents s tudies t h a t  de f ine  the  e&ects o f  O3 on the  
l i g h t - h a r v e s t i n g  e f f i c i e n c y  o f  leaves, the  a c t i v i t y  o f  RuBP carboxylase, and 
o ther  d iagnost ic  features necessary f o r  assessing mechanisms o f  0 i n j u r y .  
Consequently most research us ing 0 involves fumigat ing p lan ts  i n  o i e  chamber, 
then t u r n i n g  o f f  ozone o r  moving &e p lan ts  t o  another s i t e  before measuring 
photosynthesis and o ther  gas exchange parameters. 

Ozone has the p o t e n t i a l  f o r  i n h i b i t i n g  photosynthesis.  Species i n  which 
ozone has been shown t o  reduce photosynthesis are nor thern red  oak ( 
rubra  L . )  (Reich and Amundson 1985), l o b l o l l y  p ine  (Pinus -- taeda i. ), s lash 
p ine  ( P .  e l l i o t t i i  Engelm. ex Vasey) (Barnes 1972a), ponderosa p ine  ( P .  
ponderosa Dougl. x  Laws) (Coyne and Bingham 1981; M i l l e r  and others 19691, 
eastern wh i te  p ine  ( P .  strobus L. ) (Barnes 1972a; Reich and Amundson, 1985; 
Bo tk in  and others 1971, 1972), b lack  oak (Quercus v e l u t i n a  Lam. ), sugar maple 
(Acer saccharum Marsh.) (Carlson 1979; Reich and Amundson 19851, and one pop lar  
hyb r id  (Populus de l to ides  x t r i chocarpa)  (Reich and Amundson 1985) (see 
t a b l e  12). 





Some o f  t h e  s tud ies  c i t e d  above i n v o l v e  ozone fumiga t ion  experiments w i t h  
concen t ra t i ons  a t  o r  below 120 ppb; these a re  o f  p a r t i c u l a r  va lue because t hey  
occur  i n  t h e  ambient atmosphere. Barnes (1972a) examined t h e  impact o f  ozone 
on seedl ings o f  t h ree  species o f  p i n e  a t  concen t ra t ions  o f  50 o r  150 ppb 
con t i nuous l y  f o r  19 days t o  18 weeks. I n  younger seedl ings o f  eas te rn  w h i t e  
p i n e ,  which bore o n l y  p r imary  needles, ozone had 1 i t t l e  i n f l u e n c e  on r a t e  o f  
pho tosyn thes is .  I n  o l d e r  seedl ings w i t h  secondary needles, photosynthes is  was 
s l i g h t l y  depressed. Wi th  seedl ings o f  s lash,  eas te rn  wh i te ,  and l o b l o l l y  
p i nes ,  exposure a t  105-ppb ozone had a r e l a t i v e l y  c o n s i s t e n t  depress ing i n f l u -  
ence on photosynthes is  o f  a11 species.  A t  50 ppb, however, ozone appeared t o  
s t i m u l a t e  photosynthes is  i n  o l d e r  secondary needles and t o  depress photosynthe- 
s i s  i n  younger secondary needles. Barnes (1972a, 1972b) used a Mast meter t o  
measure ozone; t h e  Mast meter can underest imate t h e  ozone concen t ra t i on  un less 
i t  i s  c a l i b r a t e d  aga ins t  a  re fe rence  standard. A lso,  t h e  sample s i z e  used i n  
these  experiments was very  smal l ,  f o u r  t o  n i ne  seedl ings.  I t  i s  p o s s i b l e  t h a t  
v a r i a t i o n  among samples may have masked p o t e n t i a l  e f f e c t s  i n  some o f  t h e  
exper iments (Barnes 1972a). 

M i l l e r  and o thers  (1969) found t h a t  3 -year -o ld  ponderosa p i n e  seed l ings  
sus ta ined  a 25-percent r e d u c t i o n  i n  apparent photosynthes is  a f t e r  a  60-day 
exposure t o  an ozone concen t ra t i on  o f  150 ppb f o r  9 hours per  day. I n  another  
s tudy,  Coyne and Bingham (1981) measured changes i n  gross photosynthes is  i n  
needles o f  ponderosa p i n e  t r e e s  o f  va r ious  s e n s i t i v i t i e s  t o  ozone, Needles 
s u s t a i n i n g  s l i g h t ,  moderate, and severe i n j u r y  e x h i b i t e d  a 90 percen t  r e d u c t i o n  
i n  gross photosynthes is  a f t e r  exposure t o  a  cumulat ive dose o f  800,000, 700,000, 
and 450,000 ppb-hours ozone, r e s p e c t i v e l y ,  i n  a  3-year t ime p e r i o d  (2 years  f o r  
t h e  most s e n s i t i v e  c l ass  o f  t r ees ) .  The percentage i n h i b i t i o n  i n  gross photo- 
syn thes is  was based on photosynthes ic  r a t e s  o f  newly emerged needles; no t r u e  
c o n t r o l s  were used i n  t h e  experiment. The authors  emphasized t h a t  t h e  d e c l i n e  
i n  photosynthes is  r e f l e c t e d  t h e  super impos i t ion  o f  ozone e f f e c t s  on normal 
aging. 

Reich and Amundson (1985) over  a  p e r i o d  o f  severa l  years measured t h e  
pho tosyn the t i c  response o f  f o u r  t r e e  species [sugar maple, eas te rn  wh i t e  p i ne ,  
h y b r i d  p o p l a r  (Populus d e l t o i d e s  x  t r i choca rpa )  and no r the rn  r e d  oak] t o  ozone 
concent ra t ions  rep resen ta t i ve  o f  those found i n  t h e  ambient a i r  o f  t he  Eastern 
Un i t ed  States.  Exposure concent ra t ions  ranged from 20 t o  140 ppb. A 1  i n e a r  
r e d u c t i o n  i n  n e t  photosynthes is  was observed a f t e r  long-term exposures (5 t o  
7  hour pe r  day, 3 t o  7 days pe r  week, f o r  3 t o  12 weeks) i n  a11 species.  
Reduct ion ranged from 10 pe rcen t  i n  w h i t e  p i n e  a t  30,000 ppb-hours t o  40 pe rcen t  
i n  h y b r i d  p o p l a r  a t  20,000 ppb-hours. The authors  suggest t h a t ,  based on t h e  
r e s u l t s  o f  t h e i r  s tud ies ,  reduc t ions  i n  n e t  photosynthes is  may be o c c u r r i n g  
over  much o f  t h e  eas te rn  Un i t ed  S ta tes  and southeastern Canada. 

B o t k i n  and o the rs  (1972) observed suppression o f  photosynthes is  i n  eas te rn  
w h i t e  p i n e  when 5-year-o ld  sap1 ings  were fumigated i n  smal l  chambers. Three 
ca tego r i es  o f  s e n s i t i v i t y  t o  ozone were observed. I n  s e n s i t i v e  t r e e s ,  
exposures o f  900 t o  1,000 ppb o f  ozone f o r  10 hours reduced n e t  photosynthes is  
t o  zero; i n  t r e e s  o f  i n t e rmed ia te  s e n s i t i v i t y ,  t h e  same exposures reduced 
photosynthes is  by approx imate ly  50 percen t ;  and i n  r e s i s t a n t  t r e e s ,  s i m i l a r  
exposures had no e f f e c t  upon photosynthes is .  Ozone-induced suppression o f  
photosynthes is  i n  t h e  t r e e s  w i t h  i n te rmed ia te  s e n s i t i v i t y  was r e v e r s i b l e  i f  an 
ozone-free p e r i o d  f o l  lowed exposure. Pho tosyn the t i c  suppression and recovery  
occurred p r i o r  t o  o r  w i t h o u t  t h e  express ion o f  v i s i b l e  i n j u r y  symptoms. 



d) M ix tu res  o f  Gaseous P o l l u t a n t s  

The e f f e c t s  o f  exposure t o  03, SO , NO, o r  NO2 i n d i v i d u a l l y  on photo- 
syn thes is  i n  p l a n t s  has been d i scusse8  above. The e f f e c t s  o f  m ix tu res  o f  
these substances on photosynthes is ,  however, have been p o o r l y  s tud ied.  

S u l f u r  d i ox i de ,  n i t r o g e n  oxides, and ozone i n d i v i d u a l l y  i n h i b i t  t h e  
process o f  photosynthes is .  I n t e r a c t i o n  o f  these chemicals f r e q u e n t l y  e l i c i t s  a  
g r e a t e r  p l a n t  response than  any o f  them a lone do. The r a t e  o f  r educ t i on  o f  
n e t  photosynthes is  d u r i n g  t h e  f i r s t  2  days o f  exposure was g rea te r  than  
a d d i t i v e  when sugar maple and wh i t e  ash were fumigated s imul taneously  w i t h  
500 ppb o f  SO and 03. For sugar maple, t h e  reduc t ions  p e r s i s t e d  f o r  1 week 
(Car l  son 1979 . The concent ra t ions  (500 ppb) used i n  t h i s  experiment a re  much 
g rea te r  than  those u s u a l l y  encountered i n  t h e  ambient a i r ,  

Fumigat ion o f  p l a n t s  w i t h  h i gh  concent ra t ions  (1200 ppb) o f  NO2 s t imu la tes  
t h e  f o rma t i on  o f  n i t r a t e  reductase (NiR). P lan t s  exposed t o  NO and SO2 
s imul taneously  f a i l e d  t o  show an increase i n  N i R  l e v e l s  (Mansf fe ld  and 
Freer-Smith 1981). Wel lburn (1982, 1985) has proposed a mechanis t ic  explana- 
t i o n  f o r  t h e  NO /SO i n t e r a c t i o n .  The presence o f  SO complete ly  prevents  t h e  
i n d u c t i o n  o f  in&eas$d a c t i v i t y  by NO . Th is  phenomena% was observed i n  severa l  
c lones o f  Lo l ium as w e l l  as i n  o t h e r  rasses fumigated w i t h  low l e v e l s  (68 ppb) 
o f  t h e  two p o l l u t a n t s ,  w h i l e  f um iga t i on  w i t h  NO2 a lone increased t h e  l e v e l s  o f  
N i R  (Wel lburn 1982). 

I n  a  s h d y  o f  t h e  e f f e c t  o f  SO and NO i n  combinat ion on a l f a l f a  
( Medicago s a t i v a  L. ) ,  White and o t h g s  (19743 observed i n h i b i t i o n  o f  t he  
apparent r a t e  o f  photosynthes is .  Exposure t o  2,500 ppb SO f o r  2  hours 
r e s u l t e d  i n  2  t o  3 percen t  i n h i b i t i o n .  Exposure t o  2,500 pp8 o f  NO produced 
no measurable i n h i b i t i o n ,  b u t  exposure t o  bo th  gases s imul taneously  i t  2500 ppb 
f o r  2  hours caused a 9 t o  15 percen t  i n h i b i t i o n ,  w h i l e  exposure t o  15 ppb 
reduced photosynthes is  7  percent .  The degree o f  synergism decreased as t h e  
concent ra t ions  inc reased  u n t i l  exposure concent ra t ions  reached 5,000 ppb. A t  
t h a t  p o i n t ,  no synergism was observed. B u l l  and Mans f i e l d  (1974) a l s o  repo r ted  
i n h i b i t i o n  o f  photosynthes is  i n  pea (Pisum sat ivum L. ) by combinat ions o f  SO2 
and NO2. 

I n  t he  sunf lower  (He1 ian thus  annuus L. cv Russian Mammoth), comb.inations 
o f  NO,, SO, and 0, measurably reduced t h e  r a t e  o f  photosynthes is  when compared 
w i t h  f h e  e f f e c t s  6roduced b y  each p o l l u t a n t  alone ( ~ u r u k a w a  and Totsuka 1979). 
I n h i b i t i o n  o f  photosynthes is  caused by NO /S02/03 combinat ions resembled those 
caused by S02/02 (Furukawa and Totsuka 197%). 

Summary. - -Photosynthes is  i n  f o r e s t  t r e e s  i s  a1 t e r e d  by exposure t o  a i r -  
borne chemical p o l l u t a n t s .  S u l f u r  d i ox i de ,  n i t r o g e n  ox ides,  and ozone, as w e l l  
as mix tu res  o f  t h e  t h r e e  chemicals,  can i n h i b i t  t h e  process o f  photosynthes is  
and decrease t h e  amount o f  photosynthate produced. Regardless o f  t h e  mecha- 
nism, a  s u b s t a n t i a l  r e d u c t i o n  i n  photosynthes is  w i l l  u l t i m a t e l y  a f f e c t  t h e  
growth, v i g o r ,  and rep roduc t i on  o f  t r e e s  i f  r e p a i r  does n o t  occur. 



4.2.4 I s  Respiration in Forest f rees  Altered by Exposure t o  Airborne Chemical 
Pol l utants? 

Respiration i s  the process through which the energy from the carbohydrates 
produced by plants during photosynthesis i s  released for  growth, maintenance, 
and reproduction, In addition to  i t s  use in the formation of plant t i s sue  
and maintenance, some photosynthate i s  allocated for storage of compounds such 
as organic and amino acids,  sugars, starches,  f a t s ,  and proleins. Carbohydrates 
are also used t o  make secondary compounds such as alkaloids,  tannins, pigments, 
and growth regulators (Waring and Schlesinger 1985). These processes occur a t  
several s i t e s  within plant c e l l s ,  and are l ikely to  be vulnerable to  disruption 
by gaseous a i r  pollutants. Respiratory pathways and organelles may be affected 
(Black 1984). 

Increased respiration i s  a well-recognized response to  gaseous pollutant 
exposure (McLaughlin and Shriner 1980). Exposure to  SO2, 0 ,o r  NO can a1 t e r  
such major physiological processes as photosynthesis in t r e  s (section 4.2.3) 
and affect  the ra te  of respiration.  Respiration i s  sensi t ive  t o  a variety of 
chemicals (e.g. , SO ) tha t  may inhibi t  various stages of the overall process 
(Kramer and ~ o z l  owsai 1979). However, the conversio" of carbohydrates, f a t s ,  
and proteins into new plant t issue to  repair  pollutant-induced injur ies  requires 
large amounts of energy to  be supplied through respiration (Kramer and 
Kozlowski 1979). Increased respiration,  therefore, i s  caused by ce l lu la r  
injury rather than a cause of ce l lu la r  injury (Kozlowski and Constantinidou 
1986a). 

Trees, when compared with plants in which foliage and seed production are 
predominant, require a disproportionate amount of carbohydrate for respiration 
because they have such a large amount of conducting t i s sue  associated with 
t h e i r  sapwood (Wari ng and Schlesinger 1985). Injury, therefore,  requires 
changes in the normal allocation patterns and places s t r e s s  on the starch 
reserves in t rees .  The maximum level of starch reserves in twigs and stems may 
serve as an indicator of the degree of injury a t ree  can to le ra te  (Waring and 
Schl es i  nger 1985). 

Summary.--Increased respiration i s  a well-recognized response to  gaseous 
pollutants. Energy normally used for  maintenance i s  required to  repair any 
injury caused by pollutants. 

4.2.5 Are Carbon Uptake and Allocation Altered by Exposure t o  Airborne 
Chemical Pol 1 utants? 

Carbohydrates produced in the process of photosynthesis are normally used 
for  the growth and maintenance of t rees .  Deciduous t rees  grow new leaves each 
year; conifers produce new needles. Roots, too, require energy to  produce new, 
f ine  roots and develop mycorrhizae. Patterns of carbon allocation direct ly  
influence growth ra te .  The strategy f o r  a1 location of carbon may change during 
the l i f e  of the plant ,  as well as with dif ferent  environmental conditions 
( f i g .  27; Winner and Atkinson 1986). Factors such as a i r  pollutants t ha t  
l imit  carbon fixation s h i f t  al location to  new leaves, while factors tha t  l imi t  
the ava i lab i l i ty  of nitrogen or water wi 11 s h i f t  a1 location to  the roots. The 
increase in the allocation of photosynthate t o  new leaves due to  the reduced 
photosynthetic capacity of plants exposed to  ozone and t o  SO2 has been reported 
by Oshima and others (1979) and by Reinert and Gray (1981). Therefore, a i r  
pol 1 utants t ha t  l imi t carbon gain and nutrient availabi 1 i ty  may a1 so suppress 
the growth ra te  and tota l  biomass production (Winner and Atkinson 1986). 
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Figure 27. Model relating interaction between root and shoot allocation. 
Source: Winner and others (1985). 



Changes i n  normal a l l o c a t i o n  p a t t e r n s  a re  an i n d i c a t i o n  o f  s t r e s s  (McLaughlin 
and Shr iner  3980). Mar ing (1987) p o i n t s  o u t  t h a t  t h e  accumulat ion o f  amina 
ac ids  i n  f o l i a g e  i s  assoc ia ted  w i t h  reduced a l l o c a t i o n  o f  carbohydrates t o  t h e  
r o o t s .  

I n  t h e  f o l l o w i n g  sec t ion ,  changes i n  carbon a l l o c a t i o n  assoc ia ted  w i t h  
exper imenta l  exposures t o  SO2 and O3 a re  discussed. 

a) S u l f u r  . --Gaseous p o l  l u t a n t s  general  l y ,  and s u l f u r  d i o x i d e  i n  
p a r t i c u l a r ,  decrease t h e  pho tosyn the t i c  capac i t y  o f  p l a n t s  and s h i f t  carbon 
a l l o c a t i o n  towards t h e  leaves. They a l s o  a l t e r  carbon t r a n s l o c a t i o n  f rom t h e  
needles o r  leaves o f  t r ees .  Suppression o f  r o o t  growth may r e s u l t  (Winner and 
A tk inson  1986). I n h i b i t i o n  o f  t r a n s l o c a t i o n  o f  sugars by SO w i t h o u t  t h e  
accompanying i n h i b i t i o n  o f  n e t  photosynthes is  a1 so has been rgpor ted  (Noyes 
1980). 

I n h i b i t i o n  o f  t r a n s l o c a t i o n  was observed i n  bean3(Phaseol us v u l g a r i s  L. 
cv. B lack Va len t ine)  when exposed t o  100 ppb (26 pg/m ) of SO f o r  2 hours.  
Trans1 oca t i on  was reduced 39 percent .  Autoradiograms o f  4 ~ -  fabe l  ed p r ima ry  
leaves i n d i c a t e d  t h a t  t h e  phloem-loading processes and/or a x i a l  t r a n s p o r t  
w i t h i n  s ieve  tubes were s i g n i f i c a n t l y  i n h i b i t e d  o r  delayed by SO 
(Noyes 1980). Teh and Swanson (1982) a l s o  repo r ted  a  reduc t i on  
load ing .  T rans loca t i on  r a t e s  o u t  o f  SO -s t ressed  leaves were lower t han  
expected on t h e  bas i s  o f  decreases i n  ph%tosynthesi s. Though pho tosyn thes is  
recovers f rom SO i n h i b i t i o n  a f t e r  exposures te rmina te ,  t h e  e f f e c t  o f  SO2 on 
t r a n s l o c a t i o n  pe8s i s t s  (Dar ra l  1  1986; Noyes 1980; Teh and Swanson 1982). 

Re ine r t  and Gray (1981) observed changes i n  carbon a1 l o c a t i o n  i n  r a d i s h  
(Raphanus s a t i v u s  L. ) when fumigated w i t h  260 and 400 ppb SO2 f o r  3 o r  6  hours. 
A s i g n i f i c a n t  change i n  t h e  roo t /shoo t  d r y  weight  r a t i o  was observed. Winner 
and o thers  (1985) a l s o  repo r ted  a  s h i f t  i n  carbon a l l o c a t i o n  from r o o t  t o  shoot  
i n  r a d i s h  exposed t o  SOT 

b) N i t rogen  Compounds. - -Re ine r t  and Gray (1981) r epo r ted  no change i n  r o o t /  
shoot  r a t i o  i n  p l a n t s  exposed t o  NO, a t  200 and 400 ppb f o r  e i t h e r  3 o r  6  hours. 
Though many s tud ies  c i t e  t h e  i n h i b i t i n g  e f f e c t s  o f  NO and NO on pho tosyn thes is ,  
n o t  many s tud ies  ment ion changes i n  carbon a l l o c a t i o n  r e s i l t i n g  from t h e  
i n h i b i t i o n .  However, t h e  i n f o r m a t i o n  regard ing  carbon a l l o c a t i o n  de r i ved  from 
s tud ies  us ing  SO and 0  makes i t  p o s s i b l e  t o  hypothes ize t h a t  exposure t o  NO 

concentr&ions t i a t  i n h i b i t  photosynthes is  does a1 t e r  carbon a1 1  o c a t i o n  

c)  Ozone.--Depression o r  i n h i b i t i o n  o f  photosynthes is  i n  t h e  f o l i a g e  can 
a l  t e r  t he  a1 l o c a t i o n  and t r a n s l o c a t i o n  o f  photosynthate ( e .  g. , sucrose) f rom 
t h e  shoots t o  t h e  r o o t s  and o t h e r  organs (Tingey 1974). Tingey and o t h e r s  
(1976a) observed t h a t  ozone exposure d i f f e r e n t i a l l y  a f f e c t e d  t h e  m e t a b o l i t e  
poo ls  i n  t h e  r o o t s  and tops o f  ponderosa p i n e  seedl ings grown i n  f i e l d  chambers. 
The amounts o f  so lub le  sugars, s tarches,  and phenols tended t o  increase i n  t h e  
tops  and decrease i n  t h e  p l a n t  r o o t s  exposed t o  0.10 ppm O3 f o r  6 hours p e r  day 
f o r  20 weeks. The sugars and s tarches s to red  i n  t h e  t r e e  r o o t s  were s i g n i f i -  
c a n t l y  l e s s  than  those i n  t h e  r o o t s  o f  t h e  c o n t r o l s .  



McLaughlin and o the rs  (1982) observed t h a t  t h e  decreased a v a i l a b i l i t y  o f  
carbohydrate i n  t r e e s  exposed t o  O3 reduced t h e  v i g o r  o f  r o o t  systems and 
p o s s i b l y  enhanced t h e  s u s c e p t i b i l i t y  o f  t h e  t r e e s  t o  r o o t  diseases. The l o s s  
i n  v i g o r  o f  t h e  t r e e s  was accompanied by reduced annual r a d i a l  growth and a 
l o s s  i n  t h e  capac i t y  t o  respond i n  years when c o n d i t i o n s  were f avo rab le  f o r  
growth, The p r imary  cause o f  decrease i n  r a d i a l  growth appeared t o  be exposure 
t o  h i g h  concent ra t ions  o f  ozone and a sequence o f  events and cond i t i ons  t h a t  
l e d  t o  premature senescence and l o s s  o f  o l d e r  needles, lower growth, and 
reduced photosynthate a v a i l a b i l i t y  f o r  growth and maintenance o f  t r e e s  
(McLaughlin and o thers  1982). Carbon-14 t r a n s p o r t  p a t t e r n s  i n d i c a t e d  t h a t  
o l d e r  needles were sources o f  photosynthate f o r  new needlelqrowth i n  s p r i n g  and 
were s to rage  s i nks  i n  t h e  f a l l .  The h ighe r  r e t e n t i o n  o f  C-photosynthate by 
f o l i a g e  and branches o f  s e n s i t i v e  t r e e s  i n d i c a t e d  t h a t  t h e  expo r t  o f  photo- 
syn tha te  t o  t r unks  and r o o t s  was reduced. 

Data from herbaceous p l a n t s  suppor t  t h e  f a c t  t h a t  0  i n h i b i t s  t he  
a1 1 o c a t i o n  and t r a n s l o c a t i o n  o f  carbohydrates from shoots 80 t h e  r o o t s  (U. S. 
Envi ronmental P r o t e c t i o n  Agency 1986). 

d) M i x tu res  o f  Gaseous P o l l u t a n t s . - - R e i n e r t  and Gray (1981) r epo r ted  t h a t  O3 
exposure a t  40T ppb reduced r o o t  d r y  we igh t  more than  exposure a t  200 ppb 
d u r i n g  exposures o f  3 o r  6 hours. S u l f u r  d i o x i d e  a l s o  depressed t h e  r o o t  
weight  a t  bo th  concen t ra t ions  (200 ppb and 400 ppb); however, when NO and SO2 
were p resen t  toge ther ,  t h e r e  was a s y n e r g i s t i c  depress ion o f  t h e  roo%/shoot 
r a t i o .  The average 03- induced r e d u c t i o n  o f  r o o t  we igh t  o f  r a d i s h  was a d d i t i v e  

and SO2 were present .  Though t h e  f o l i a g e  was t h e  d i r e c t  r e c i p i e n t  o f  
ss, t h e  response appeared as a reduc t i on  i n  r o o t  weight.  Exposures t o  

p o l l u t a n t  m ix tu res  do a l t e r  carbon a l l o c a t i o n  i n  herbaceous p l a n t s .  I f  p o l l u t -  
a n t  combinat ions i n h i b i t  photosynthes is  and t h e  p roduc t i on  o f  carbohydrates, o r  
a1 t e r  b iochemica l  o r  p h y s i o l o g i c a l  processes i n  t r ees ,  changes i n  carbon 
a l l o c a t i o n  should r e s u l t .  The responses o f  t r e e s  t o  p o l l u t a n t  combinat ions and 
t h e  e f f e c t  on carbon a l l o c a t i o n  have n o t  been s tud ied .  

Summary. Gaseous a i r bo rne  p o l l u t a n t s ,  by decreas ing t h e  pho tosyn the t i c  
capac i t y  o f  p l a n t s ,  s h i f t  t h e  a1 l o c a t i o n  o f  carbon i n t o  new leaves and away 
from t h e  r o o t s  and a l s o  decrease t h e  carbohydrates a v a i l a b l e  f o r  p l a n t  mainte- 
nance and storage. The amount o f  s t a r c h  s to red  i n  branches and tw igs  may be an 
i n d i c a t o r  o f  how much i n j u r y  a  t r e e  can endure. 

4.2.6 I s  Increased F o l i a r  Leaching i n  Fores t  Trees a Response t o  A i rborne  
Chemical P o l l u t a n t  Exposure? 

beaching o f  n u t r i e n t s  From t h e  leaves o f  t r e e s  has been i m p l i c a t e d  as a 
r e s u l t  o f  ozone exposure. Leaching, a  widespread n a t u r a l  phenomenon, i s  a 
b i o l o g i c a l l y  pass ive  process t h a t  can remove a v a r i e t y  o f  substances from 
p l a n t s  and t empora r i l y  reduce t h e i r  concen t ra t ions  i n  t he  t i s s u e s  (Tukey 
1970). Me tabo l i t es  a re  leached by t h e  a c t i o n  o f  aqueous s o l u t i o n s  such as 
r a i n ,  dew, fog,  o r  m i s t  f rom t h e  wide v a r i e t y  o f  p l a n t s  t h a t  have been s tud ied .  
I no rgan i c  n u t r i e n t s ,  o rgan ic  substances, a l l  o f  t h e  n a t u r a l l y  o c c u r r i n g  amino 
ac ids ,  and many o rgan ic  ac ids  have been de tec ted  i n  leachates (Tukey 1980). 
The amounts o f  so lu tes  leached can be g r e a t e r  than  t h e  amounts p resen t  i n  
f o l i a g e  p r i o r  t o  leach ing ,  suggest ing a connect ion w i t h  t h e  t r a n s p i r a t i o n a l  
stream. The r a t e s  o f  r o o t  uptake and t r a n s l o c a t i o n  may increase d u r i n g  leach- 
i n g  (Tukey 1970; Tukey and o thers  1958). 
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1) Atmospheric deposition may contribute basic materials such as 
soi l  dust ,  or acid-forming materials such as gaseous SO2 and NOx 
and sulfa te  aerosols; 

2 )  The canopy may acidify precipitation through the release of 
weak, organic acids;  

3 )  Canopy surfaces may increase pH by releasing basic cations in 
exshange for  hydrogen ions in the incident precipitation.  

Gaseous, par t iculate ,  and dissolved matter are potentially released from, 
taken up by, and transformed a t ,  a1 1 canopy surfaces (Parker 1987). Because 
a l l  of the processes c i ted above contribute t o  the a l te ra t ion  of precipitation 
qual i ty ,  forest  canopies commonly change the pH of precipitation reaching the 
forest  f loor.  In addit ion,  most of the f i e ld  studies suffer  because neither 
dry deposition inputs of hydrogen ions nor the stemflow releases of hydrogen 
and other cations are  accounted for in the data. Moreover, highly acidic 
ra infal l  events, when compared with less  acidic events a t  a given location, do 
n o t  appear to  enhance fo l i a r  leaching. Clearly, on the basis of the above 
reasons, change in pH alone i s  not a valid indicator t ha t  acidic deposition 
increases 1 eachi ng. 

A wide range of ac id i t i es  (pH 6 .7  to  2.3)  has been used in laboratory 
studies o f  the e f fec t s  of leaching. The degree of enhanced leaching i s  rela- 
t ively small considering the range sf ac id i t i es  used. Moreover, the ac id i t i es  
used in the experiments are much greater than those normally encountered in 
bu1 k precipitation.  No evidence exis ts  for a pH level below which losses in 
solutes are dramatically increased (Parker 1987). 

Summary. Foliar leaching i s  a widespread, natural ,  biologically passive 
phenomenon tha t  i s  influenced by many external and internal factors.  Gaseous, 
par t iculate ,  and dissolved matter are potential ly released from, taken up by, 
and transformed a t ,  a l l  canopy surfaces. Release of materials from the forest  
canopy involves the action from two broad source categories: 1) from within 
the fores t  ecosystem, and 2)  from without the ecosystem, chiefly from atmos- 
pheric deposition. A t  the present time ozone i s  the only gaseous airborne 
chemical tha t  has been implicated as increasing f o l i a r  leaching, and then, when 
in association with acidic fog. The effects  of acidic deposition are d i f f i c u l t  
to assess because forest  canopies a l t e r  the pH of precipitation reaching the 
forest  f loor:  1) by contributing basic materials, or acid-forming materials 
( e - g . ,  SO and NO ); 2)  through the release of weak, organic acids;  and 
f ina l ly ,  3) by exc%anging basic cations for hydrogen ions in incident precipi- 
ta t ion.  These processes of throughfa1 l enhaficement make it. d i f f i c u l t  t o  
a t t r i bu t e  leaching t o  a single phenomenon such as acidic precipitation.  In 
addition, highly acidic ra infal l  incidents at a given location, when compared 
with those of low ac id i ty ,  do not appear to  increase fo l i a r  nutrient leaching. 

4 . 2 . 7  Does Exposure t o  Airborne Chemical Pollutants Disrupt the Processes of 
Regeneration and Reproduction in Trees? 

Reduction in the physbological efficiency of leaves often decreases crop 
yield and qua1 i t y  of seeds and f r u i t s .  Many studies indicate a reduction in 
yield in agronomic crops exposed t o  SO2 and O3 (see table 9 for c r i t i c a l  



concent ra t ions) .  S e n s i t i v i t y  t o  p o l  1  u t a n t s  v a r i e s  w i t h  t h e  crop,  c u l  t i v a r ,  
env j ronmenta l  cond i t i ons  and w i t h  t h e  concen t ra t i on  and l e n g t h  o f  exposure. 
Regenerat ion, reproduc t ion ,  and y i e l d  a re  l i k e l y  t o  s u f f e r  i f  p o l l u t a n t  expo- 
sures  i n h i b i t  photosynthes is  and t h e  p roduc t i on  o f  carbohydrates necessary f o r  
g rowth  and maintenance. A few s tud ies  have shown p o l l u t a n t  i n h i b i t i o n  o f  
p o l l e n  germina t ion  and tube e longa t i on  under exper imental  cond i t i ons  ( f i g .  28; 
Kozfowski and Cons tan t in idou  1986a; Smith 1981). 

Tree v i g o r  i s  impor tan t  i n  reproduc t ion .  I n  f o r e s t  stands, dominant t r e e s  
usua l  1y produce t h e  most seeds. Dominant t r e e s  produced almost a1 1  o f  t h e  
cones i n  stands o f  ponderosa (P inus Dougl. ex Laws.) and sugar (P. 
lamber t iana  Dougl. ) p i n e  t r ees .  Codominant t r e e s  produced on l y  1 t o  1 .5  per -  
cen t ,  and almost no cones were produced by t h e  i n te rmed ia te  and suppressed 
t r e e s .  I n  t h e  crowns o f  r e d  p i n e  t r e e s  (P .  res inosa  A i t . ) ,  t h e  most v i g o r o u s l y  
growing branches produced 1  a rger  cones c & t a i  n i  ng more and h ighe r  qua1 i ty  seeds 
t h a n  d i d  t h e  cones on t h e  l ess  v i g o r o u s l y  growing branches (Kozlowski and 
Cons tan t in idou  1986a). F i n a l l y ,  t h e  importance o f  t r e e  v i g o r  t o  r ep roduc t i on  
i s  i l l u s t r a t e d  by t h e  f a c t  t h a t  i n d i v i d u a l  t r e e s  o f  l o b l o l l y  p i n e  (P. - - taeda L.) 
when re leased  from compe t i t i on  ( i . e . ,  th inned)  produced 10 t imes as many cones 
as d i d  t r e e s  n o t  re leased  from compe t i t i on  (Kozlowski and Cons tan t in idou  
1986a). 

Both regenera t ion  and reproduc t ion  i n  t r e e s  can be a f f e c t e d  by changes i n  
carbon aff o c a t i o n  ( f i g .  271, AS i n d i c a t e d  above, t r e e  v i g o r  i s impo r tan t  
f o r  r ep roduc t i ve  growth. I n j u r y  causes t r e e s  t o  s h i f t  t h e i r  resources f rom 
growth, s torage,  and rep roduc t i on  t o  i n j u r y  r e p a i r .  D e f o l i a t i o n  i s  a c l a s s i c  
example o f  a  c ircumstance under which t r e e s  must regenerate t i s s u e  (McLaughlin 
and Sh r i ne r  1980). The a b i l i t y  o f  a  t r e e  t o  w i t hs tand  such s t resses can be 
assessed by eva l  u a t i  ng t h e  s o l i b l e  and eas i  l y  mobi 1  i z e d  carbohydrate reserves  
near  p o i n t s  o f  need. Webb (1981) r epo r ted  t h a t  Doug las - f i r  [: 
menz ies i i  (Mi rb . )  Franco] and grand f ir [Abies (Doug1 . 
L i n d l . ]  cou ld  be complete ly  d e f o l i a t e d  a n d m 1  i n i t i a t e  new f o l i a g e ,  as l o n g  
as s ta r ch  concent ra t ions  i n  tw igs  remained above a c e r t a i n  minimim. The - 

maximum amount o f  carbohydrate reserves i n  tw igs  and stems may be an i n d i c a t i o n  
o f  t h e  degree o f  i n j u r y  a  t r e e  can endure and s t i l l  recover.  S ta rch  reserves  
a re  p a r t i c u l a r l y  impor tan t  i n  deciduous t r e e s  t h a t  must su rv i ve  much o f  t h e  
yea r  on energy de r i ved  from storage (Waring and Schles inger  1985). 

a) S u l f u r  Compounds 

S u l f u r  Dioxide.--Reduced p roduc t i on  o f  cones i n  western l a r c h  ( L a r i x  
occ iden ta l  i s Nu t t .  ) , l odgepol e p i  ne ( P i  nus c o n h r t a  Dougl . ex Loud), ponderosa 
p i n e  ( P. ponderosa Laws. ) and D o u g l a s - f i r  [ menziesi  i ( M i  r b .  ) 
Franco] exposed t o  h i gh  concent ra t ions  o f  SO, was reporLed by Schef fe r  and 
Hedgcock (1955). Houston and Dochi nger (1977) a1 so repo r ted  s i g n i f i c a n t  
d i f f e r e n c e s  i n  cone. seed, and p o l  l e n - c h a r a c t e r i s t i c s  when 15- to  25-year -o ld  
eas te rn  wh i t e  p i n e  and r e d  p i n e  ( P i  nus res inosa  A i  t. ) growing i n  SO - bo l  l u t e d  
areas were compared w i t h  t r e e s  growing i n  SO,-free areas. I n  whi?e p i n e ,  
percen t  p o l  l e n  germina t ion  was reduced, seeds 6er  cone were fewer i n  number and 
l i g h t e r  i n  weight .  I n  r e d  p i ne ,  cone l eng th ,  seed we igh t ,  percen t  f i l l e d  seed, 
percen t  seed germinat ion,  and p o l l e n  tube l e n g t h  were s i g n i f i c a n t l y  l e s s  i n  
SO,-exposed than  i n  non-exposed t r ees .  The reduc t ions  i n  cone, seed, and 
p o f  l en -  p roduc t i on  occurred hespi  t e  t h e  absence o f  v i s i b l e  i n j u r y  t o  t h e  t r e e s .  
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Figure 28. Potential points of interaction between air pollutants and 
sexual reproduction of forest trees. 

Source: Smith (1 981 ). 



The e f f e c t s  on rep roduc t i on  discussed above were observed on t r e e s  growing i n  
t h e  v i c i n i t y  o f  power p l a n t s  where SO concen t ra t ions  a re  u s u a l l y  high. A 
d e f i n i t i v e  statement concern ing t h e  e f & c t s  o f  SO a t  ambient concen t ra t ions  on 
rep roduc t i on  i n  f o r e s t  t r e e s  cannot be made a t  t h  

b) N i t rogen  Compounds 

Oxides. - -N i t rogen  ox ides have n o t  been repo r ted  as a1 t e r i  ng 
rep roduc t i on  and regenera t ion ,  p robab ly  because ambient concen t ra t ions  do n o t  
usbal  l y  reach i n j u r i b u s  l e v e l s .  

Oxidant exposure o f  ponderosa and J e f f r e y  (Pinus &rev. & B a l f . )  
p i n e  i n  t h e  San Bernard ino f o r e s t  o f  C a l i f o r n i a  was observed t o  reduce seed 
p roduc t ion .  Dominant t r e e s  o f  bo th  ponderosa and J e f f r e y  p ines  produced t h e  
most cones, and cone p roduc t i on  increased s i g n i f i c a n t l y  w i t h  t r e e  age. However, 
dominant t r e e s  o f  bo th  species 130 years o r  o l d e r ,  when severe ly  i n j u r e d  by 
ox idan t  a i r  p o l l u t i o n ,  bore s i g n i f i c a n t l y  fewer cone crops over  a  6-year p e r i o d  
than  d i d  u n i n j u r e d  t r e e s  (Luck 1980). M i l l e r  and o the rs  (1982) suggest ozone 
i n j u r y - r e l a t e d  reduc t ions  i n  photosynthes is ,  carbohydrate fo rmat ion  and a l l o c a -  
t i o n  a re  t he  reason f o r  reduced cone p roduc t ion .  

I n  t h e  eas te rn  Un i ted  States,  r educ t i on  i n  cone o r  f r u i t  p roduc t i on  has 
n o t  been repo r ted  even though ozone exposure has been repo r ted  t o  a l t e r  carbon 
uptake and a l l o c a t i o n  and t o  reduce v i g o r  i n  s e n s i t i v e  t r e e s  (sec. 4.2.5). 
McLaughlin and o thers  (1982) assoc ia ted  needle i n j u r y  and senescence w i t h  a 
l o s s  o f  v i g o r  and reduced photosynthate a v a i l a b i l i t y  i n  eas te rn  wh i t e  p i n e  
(P inus  s t robus L. ) t r e e s  exposed t o  ozone. Loss i n  v i g o r  was accompanied by  
reduced annual r a d i a l  growth and l o s s  i n  capac i t y  t o  respond t o  s t r ess  i n  years  
when cond i t i ons  were favorab le .  Fu r the r ,  they  s t a t e  t h a t  r e p a i r  o f  f o l i a g e  
i n j u r e d  by ozone exposure can p lace  a  d r a i n  on carbohydrate reserves. Moreover, 
a  r educ t i on  i n  photosynthes is  reduces t h e  p roduc t i on  o f  carbohydrate.  Though 
t h e  authors  d i d  n o t  ment ion reduc t i on  i n  cone p roduc t ion ,  r educ t i on  i n  v i g o r  
and amount o f  photosynthate,  as mentioned above by Luck (1980), a f f e c t  
reproduc t ion .  

Summary. Exposure t o  a i r  p o l l u t i o n ,  s p e c i f i c a l l y  SO and 0  , by i n h i b i t i n g  
photosynthes is  and a1 t e r i  ng t h e  a1 l o c a t i o n  o f  carbohyd6ates can decrease 
rep roduc t i on  and i n f  1  uence regenera t ion  i n  t r ees .  Evidence from t h e  ambient 
ozone exposure o f  ponderosa and J e f f r e y  p i n e  i n  t h e  San Bernardino Fo res t  o f  
C a l i f o r n i a ,  as w e l l  as f rom experimental  s tud ies ,  i n d i c a t e s  t h a t  dominant t r e e s  
and t r e e s  w i t h  t h e  most v i g o r  produce t h e  most cones. Trees i n  stands t h a t  
were th inned  produced more cones than  t r e e s  n o t  re leased from compet i t i on .  The 
e f f e c t s  o f  gaseous p o l l u t a n t  m ix tu res  on rep roduc t i on  and regenera t ion  have n o t  
been repor ted ;  however, i f  photosynthes is  and carbohydrate p roduc t i on  a re  
reduced by exposure t o  gaseous p o l l u t a n t  m ix tu res ,  then  rep roduc t i on  i s  l i k e l y  
t o  be a f f ec ted .  

4.2.8 I s  Host S u s c e p t i b i l i t y  t o  Pests,  Pathogens, and Mycor rh iza l  Coloniza- 
t i o n  A l t e r e d  by Exposure t o  A i rborne  Chemical P o l l u t a n t s ?  

P l a n t  t i s s u e  i s  g e n e r a l l y  n o t  ve ry  n u t r i t i o u s  t o  most i n s e c t s  and patho- 
gens. Drought, a i r  p o l  1  u t i  on and o t h e r  environmental  s t resses ,  however, can 



a l t e r  hos t  s u s c e p t i b i l i t y  t o  a t t a c k  from i n s e c t  pes ts  and pathogens by a l t e r i n g  
biochemical  and p h y s i o l o g i c a l  processes t h a t  i n f l u e n c e  t h e  fo rmat ion  and 
concent ra t ions  o f  carbohydrates, n i t r ogen ,  sugars, and p l a n t  a l l e l ochemica l s .  
Drought s t r e s s - r e l a t e d  changes i n  n i t r o g e n  and carbohydra te -con ta in ing  defense 
compounds can enhance t h e  a b i l i t y  o f  i n s e c t s  t o  a t t a c k  t r e e s  (Mattson and Haack 
1987; Sharpe and o the rs  1986; Waring and Schles inger  1985). S i m i l a r  changes 
have been observed i n  t rees  i n j u r e d  by a i r  p o l l u t i o n .  Mattson and Haack (1987) 
suggest t h a t  p l a n t s  have a  more o r  l e s s  un i ve rsa l  response t o  s t r ess .  I nsec t s  
appear capable o f  d e t e c t i n g  and c a p i t a l i z i n g  on t h e  changes caused by s t ress .  

Tree v i g o r  p l a y s  an impo r tan t  r o l e  i n  i n s e c t  and pathogen a t t a c k  (Hanover, 
1975; Kozlowski and Cons tan t in idou  1986b; Larsson and o the rs  1983). A common 
observa t ion  i s  t h a t  v igorous s tand ing  t r e e s  o f  many d i f f e r e n t  species a re  more 
r e s i s t a n t  t o  bark  b e e t l e  a t t a c k  than  f r e s h l y  c u t  o r  1  i g h t n i n g - s t r u c k  t r e e s  
(Hanover 1975). Larsson and o thers  (1983) observed t h a t  ponderosa p ine  t r e e s  
o f  low v i g o r  were more prone t o  a t t a c k  by bee t l es  than t r e e s  o f  h i gh  v i g o r .  
V igor  was measured as stem growth pe r  u n i t  o f  l e a f  area. The a t t acks  by 
bee t l es  increased below a  v i g o r  t h resho ld  equ i va len t  t o  p roduc t i on  o f  approx i -  
mate ly  100 grams o f  wood pe r  square meter o f  l e a f  area. S u s c e p t i b i l i t y  o f  
lodgepole p i n e  ( P i  nus c o n t o r t a  Doug1 . ex Loud. ) t o  mountain p i n e  b e e t l e  
(Dendroctonus k  a l s o  was found t o  inc rease  below t h e  same 
v i g o r  index (Waring and Pitman 1985). 

Ch r i s t i ansen  and o the rs  (1987) hypothes ize t h a t  t h e  a b i l i t y  o f  t r e e s  t o  
w i t hs tand  a t t acks  by ba rk  bee t l es  and t h e i r  assoc ia ted  f ung i  i s  1  inked  t o  t h e  
amount o f  carbohydrates t h a t  can be u t i l i z e d  d i r e c t l y  f o r  defense wound reac- 
t i o n s .  Therefore,  any environmental  f a c t o r  t h a t  r e s t r i c t s  t h e  s i z e  o f  t h e  
canopy o r  i t s  pho tosyn the t i c  e f f i c i e n c y  can weaken a  t r e e ' s  res is tance .  

To coex i s t ,  p l a n t s  and p a r a s i t e s  must be i n  a  s t a t e  o f  e q u i l i b r i u m  i n  
which n e i t h e r  t o t a l  l y  dominates t h e  o the r .  P lan t s  have evolved a  v a r i e t y  o f  
defense mechanisms, and p a r a s i t e s  and pathogens have i n  r e t u r n  evolved counter-  
measures f o r  avo id i ng  o r  overcoming p l a n t  defenses. N e i t h e r  p l a n t  defenses nor  
p a r a s i t e  countermeasures a re  complete ly  e f f e c t i v e ;  hence, a  balance e x i s t s  i n  
which n e i t h e r  dominates. A i r  p o l l u t i o n - i n d u c e d  biochemical  changes w i t h i n  
p l a n t s  can upset t h e  r e l a t i o n s h i p  t h a t  t h e  hos t  and p a r a s i t e s  o r  pathogens have 
developed over  t ime (Hughes and Laurence 1984). 

D i f f e r e n t  p i n e  species may have evolved d i f f e r e n t  defense s t r a t e g i e s .  
Pines i n  t he  Southern Un i t ed  S ta tes  have developed t h e  r e s i n  ducts  ( c o n s t i t u -  
t i v e  defense) as con t ras ted  w i t h  western c o n i f e r s  t h a t  have developed a  hyper- 
s e n s i t i v e  wound r e a c t i o n  ( induced defense). I n  t h e  former,  t h e  defense system 
i s  p resen t  when t h e  b e e t l e  atGacks occur;  i n  t h e  l a t t e r ,  t h e  defense system, a  
wound reac t i on ,  develops a t  t h e  t ime  o f  t h e  a t t ack .  I t  has been hypothesized 
t h a t  t h e  c o n s t i t u t i v e  defense system evolved because southern t r e e s  exper ience 
asynchronous a t t a c k s  by severa l  m u l t i v o l t i n e  (hav ing m u l t i p l e  broods i n  a  
season) bark  b e e t l e  species.  The r e s i n  duc t  system i s  t h e  most energy e f f i c i e n t  
f o r  them (Chr is t iansen  and o thers  1987). A i r  p o l l u t a n t s  weaken and predispose 
t r e e s  t o  c e r t a i n  diseases, p a r t i c u l a r l y  those caused by non-ob l iga te  pathogens. 
Large i n f e s t a t i o n s  o f  ba rk  i n s e c t s  were observed i n  f o r e s t  stands t h a t  were 
weakened by a i r  p o l l u t i o n  (Hughes and Laurence 1984; Sche f fe r  and Hedgcock 
1955). 



P l a n t  p a r a s i t e s ,  s p e c i f i c a l l y  herb ivorous i n s e c t s ,  depend upon t h e i r  hos t  
f o r  n u t r i t i o n  and f o r  many chemical and phys i ca l  cues t h a t  r e g u l a t e  t h e i r  
f eed ing  and rep roduc t i ve  behavior .  Imbalances i n  t h e  i n s e c l - t r e e  r e l a t i o n s h i p  
may be caused by v a r i a t i o n  i n  any o f  t h e  f o u r  bas i c  hos t  c h a r a c t e r i s t i c s :  
1) morphology and anatomy o f  t h e  hos t ;  2) chemical r e p e l l e n t s  produced by t h e  
hos t ;  3) chemical a t t r a c t a n t s  produced by the  hos t ;  4) n u t r i t i o n a l  s t a t u s  o f  
t h e  hos t  (Hanover 1975). Biochemical  changes induced by a i r  p o l  1 u tan t s  can 
a l t e r  these r e l a t i o n s h i p s .  The ensuing s e c t i o n  c i t e s  some instances when t h i s  
has occurred. Again, p robab ly  because t h e i r  concen t ra t ions  i n  ambient a i r  a re  
n o t  h i gh  enough t o  cause i n j u r y  t o  t r e e s ,  s t ud ies  ment ion ing t h e  e f f e c t s  o f  
n i t r o g e n  ox ides i n  a l t e r i n g  pathogen o r  p a r a s i t e  r e l a t i o n s h i p s  do n o t  e x i s t .  

a) S u l f u r  Compounds 

S u l f u r  D iox ide . - - Inc reased  p roduc t i on  o f  bo th  chemical i n s e c t  a t t r a c t a n t s  
and r e p e l l e n t s  has been repo r ted  i n  t r e e s  exposed t o  SO . Renwick and P o t t e r  
(1981) r epo r ted  increased emissions o f  t h e  v o l a t i l e  te6penes t h a t  serve as 
chemical a t t r a c t a n t s  f o r  many i n s e c t  pes ts  a f t e r  balsam f i r  [Abies balsamea 
(L. ) M i l  1. ] t r e e s  were exposed t o  SO (200 ppb, 5  hours p e r  d a y r m .  
On t h e  o t h e r  hand, ethane, a  strong2 r e p e l l e n t  o f  t h e  wood-boring b e e t l e  
Monochamus a1 t e rna tus ,  ameared  a f t e r  r e d  ~ i n e  ( P. res inosa  A i t .  1- and Daner 
b i r c h  (Be tu l  a  papyr i  <era ' ~ a r s h .  ) were expo'sed  SO a t  300 ppb c o n t i  n;o;sl 
f o r  3 t o d a y s  (Kimmerer and Kozlowski 1982). ~ J o d u c t i o n  o f  o l eo res in .  
anoth-er chemical r e p e l l e n t  produced by t r e e s  i n j u r e d  by ozone, has n o t  been 
repo r ted  f o r  t r e e s  i n j u r e d  by SO,. S u l f u r  d i o x i d e  exposure, however, inc reases  
t h e  amounts o f  s o l u b i e  sugars ahd n i t r o g e n  i n  p l a n t  - f o l i a g e ,  i n n e r  bark ,  and 
sapwood o f  exposed t r e e s  (Mattson and Haack 1987). 

Sche f fe r  and Hedgcock (1955) observed increased numbers o f  bark  b e e t l e s  
(Dendroctonus spp.) and engraver bee t l es  (+ spp.) on many o f  t h e  l a r g e r  
ponderosa p ines  i n j u r e d  by SO exposure. The authors  suggest t h e  a t t a c k s  
f o l l owed  weakening o f  t h e  t ree$  and were n o t  t h e  p r ima ry  cause o f  t h e  weaken- 
i ng .  Most species o f  ba rk  bee t l es  can o n l y  breed i n  t r e e s  t h a t  e x h i b i t  severe 
dec l i ne ,  o r  a re  a l ready  dead; t h e r e f o r e ,  they  a re  merely promot ing decomposi- 
t i o n  and m i n e r a l i z a t i o n .  However, a  few species a re  capable o f  a t t a c k i n g  and 
k i l l i n g  l i v i n g ,  sometimes q u i t e  hea l thy ,  t r e e s  (Chr is t iansen  and o thers  1987). 

A i r  p o l l u t a n t s  may inc rease  o r  decrease t h e  s e v e r i t y  and inc idence  o f  
p l a n t  disease depending upon whether i t  i s  t h e  hos t  o r  t h e  pathogen t h a t  i s  
adverse ly  a f f e c t e d  by p o l l u t a n t  exposure (Treshow 1980b). 

Exposure t o  SO accord ing t o  r e p o r t s ,  can suppress fungal  growth. 
Sche f fe r  and ~ e d g c o &  (1955) r epo r ted  t h a t  f ung i  p a r a s i t i c  on needles and 
leaves appeared t o  be re ta rded  o r  i n h i b i t e d  i n  areas exposed t o  t h e  g r e a t e s t  
concen t ra t ions  o f  S o, two species o f  r u s t  f u n g i ,  
on quaking aspen ( t remu lo ides  Michx,) and M. s 
cottonwood (Populus t r i c h o c a r p a  Tor r .  & Gray) were absent i n  areas w i t h  t h e  
h i ghes t  SO, concen t ra t ions ,  sparse ly  p resen t  i n  areas where t r e e s  were 
moderately Li njured ,  and abundant where t r e e s  were un in ju red .  L i  nzon (1978) 
r epo r ted  t h e  v i r t u a l  absence o f  w h i t e  p i n e  b l  i s t e r  r u s t  (C rona r t i  urn r i  b i c u l  a) 
f rom'  f o r e s t s  w i t h i n  25 m i l es  o f  t h e  Sudbury, Onta r io ,  Canada, smel ters  i n  l i n e  
w i t h  t h e  p r e v a i l i n g  wind. A reduced inc idence  o f  f u n g i  t h a t  a t t a c k  p l a n t  
f o l  i age  was a l s o  repor ted .  I n  c o n t r a s t ,  r o o t - r o t t i n g  and h e a r t - r o t  f ung i  such 



as A r m i l l a r i a  me l lea  ab ie t inum (syn Lenz i tes  a b i e t i n a ) ,  Trametes 
s e r i a l i s  and T more common i n  t r e e s  i n j u r e d  by SO2 than  i n  
un i  n j u r e d  t r ees .  

b)  Ozone 

The m a j o r i t y  o f  t h e  s tud ies  r e l a t i n g  t h e  e f f e c t s  o f  ozone exposure on 
host-pathogen o r  i nsec t -hos t  r e l a t i o n s h i p  were made i n  t h e  West where ozone 
i n j u r y  o f  f o r e s t s  has been more p reva len t .  

Bark bee t l es  a re  t h e  most damaging and economical l y  sign! f i c a n t  i n s e c t  
pes ts  o f  commercial ly impor tan t  c o n i f e r s  i n  t h e  Un i t ed  States (S ta r k  and Cobb 
1969). Bee t l e  outbreaks i n  western f o r e s t s  a re  assoc ia ted  w i t h  severa l  p red i s -  
pos ing  f a c t o r s .  These i n c l u d e  hos t  weakening caused by photochemical ox idan ts ;  
r o o t  d isease i n i t i a t e d  by t h e  f u n g i  ~ e t e r o b a s i d i o n  annosum (syn Fomes annosus) 
o r  V e r t i c i c l a d i e l l a  wagener i i  (S ta r k  and Cobb 1969); i n s e c t  d e f o l i a t i o n ,  such 
as p i n e  looper  s t r i p p i n g  o f  ponderosa p i n e  (Dewey and o the rs  1974); and var ious  
c l i m a t i c  s t resses,  such as drought  and windthrow (up roo t i ng  and breakage by 
s t r ong  winds) (Rudi nsky 1962). 

Ponderosa p ines  e x h i b i t i n g  advanced ozone i n j u r y  symptoms were more 
f r e q u e n t l y  a t tacked  by ba rk  bee t l es  than those w i t h  l e s s  severe symptoms (S ta rk  
and o the rs  1968). The mountain b e e t l e  was n o t  found i n f e s t i n g  hea l t hy  t r ees .  
Ozone i n j u r y  reduced o l e o r e s i n  format ion,  exudat ion pressure,  r e s i n  y i e l d ,  and 
t he  r a t e  o f  r e s i n  f low.  The c r y s t a l l i z a t i o n  r a t e ,  however, increased. Fu r the r  
e f f e c t s  assoc ia ted  w i t h  ozone i n j u r y  i nc l uded  reduc t ions  i n  sapwood and phloem 
mois tu re ,  th ickness ,  and carbohydrates. Cobb and S t a r k  (1970) concluded t h a t  
t he  changes i n  hos t  chemis t ry  brought  about by ozone i n j u r y  made t h e  t r e e s  
more suscep t i b l e  t o  ba rk  b e e t l e  i n f e s t a t i o n s .  Mattson and Haack (1987) observed 
s i m i l a r  changes i n  o l e o r e s i n  composi t ion i n  t r e e s  under drought  s t r ess .  They 
assoc ia ted  increased hos t  s u s c e p t i b i l i t y  t o  i n s e c t  a t t a c k  w i t h  t h e  changes. 

Jones and Coleman (1988) and Coleman and Jones (1988a, 1988b) s tud ied  t h e  
i n t e r a c t i  on o f  p l  a n t  s t r e s s  and i nsect  behavior  and performance on eas te rn  
cottonwood ( ~ o p u l u s  d e l t o i d e s  B a r t r .  ex Marsh.) us i ng  ozone as t h e  s t r ess .  
Based on t h e i r  s t ud ies ,  t hey  conclude t h a t  an acute dose o f  ozone (200 ppb f o r  
5 hours) t h a t  does n o t  d i r e c t l y  a f f e c t  p l a n t  growth, o r  produce s igns o f  
v i s i b l e  i n j u r y ,  does n o t  s i g n i f i c a n t l y  change feed ing  and ov ipos i  t i o n  p re fe rence  
o f  t h e  b e e t l e  ve rs i co lo ra .  Both l a r v a e  and a d u l t  bee t l es  p r e f e r r e d  
feed ing  on, and a d u l t s  consumed more f o l i a g e  o f ,  ozone-stressed t r e e s  than 
c o n t r o l s  when presented w i t h  a choice.  I n  con t ras t ,  females p r e f e r r e d  t o  
o v i p o s i t  on unst ressed f o l i a g e .  The changes i n  p re fe rence  were mainta ined f o r  
3 years and t o  approx imate ly  t h e  same degree i n  two cottonwood clones. 

The consequences o f  ozone s t r e s s  on cottonwood and i n s e c t  feed ing  and 
o v i p o s i t i o n  behavior  a re  complex and n o t  immediately obvious. To at tempt  a 
p r e d i c t i o n  o f  t h e  e f f e c t s  o f  ozone s t r e s s  and t r e e  res i s tance  t o  i n s e c t  preda- 
t i o n  requ i res  a  comprehensive eva lua t i on  o f  t h e  o v i p o s i t i o n  preference,  s tud ies  
on growth, su rv i vo rsh ip ,  f e c u n d i t y  o f  t h e  i nsec t s ,  t h e i r  r e l a t i o n s h i p  t o  o t h e r  
members o f  t h e  i n s e c t  and pathogen community p resen t  on t h e  cottonwood t r e e s  
and, f i n a l l y ,  t h e  i n t e r a c t i o n  o f  a l l  o f  these organisms w i t h  t h e  ozone-stessed 
t r e e s  (Jones and Coleman 1988). The authors  suggest t h a t  t h e  r e l a t i o n s h i p s  o f  
t h e  cottonwood aph id  ( ) and t h e  l e a f  spot  fungus 



(Marssonina brunnea), which a re  una f f ec ted  by t h e  same ozone exposures t h a t  
a f f e c t  t h e  bee t l es  and t h e  cottonwood r u s t  (Melampsora medusae) whose reproduc- 
t i o n  i s  reduced by those exposures, cou ld  be a l t e r e d  because o f  ozone s t r e s s  
hav ing  changed t h e  l e a f  resource a v a i l a b i l i t y .  

Mycorrhizae ass i  s t  i n  p r o t e c t i  ng con i  f e r  r o o t s  f rom pathogens such as 
Hete robas id ion  annosum (Krupa and F r i e s  1971). I n j u r y  t o  t h e  mycorrhizae o r  
r e d u c t i o n  i n  t h e  number o f  mycorrhizae, such as can be induced by ozone expo- 
sure,  can remove t h i s  p r o t e c t i o n .  Non-mycorrhizal and mycor rh iza l  r o o t  systems 
c o n t a i n  e s s e n t i a l l y  t h e  same major  v o l a t i l e  compounds; however, s t ud ies  u s i n g  
Scots  p i n e  (P inus s y l v e s t r i s  L. ) i n d i c a t e  t h a t  t h e  concent ra t ions  o f  monoter- 
penes and sesquiterpenes inc rease  t w o f o l d  t o  e i g h t f o l d  i n  r o o t s  i n f e c t e d  
by mycorrhizae. Many o f  t h e  monoterpenes i d e n t i f i e d  i n  mycor rh iza l  r o o t  
systems are  c o n s t i t u e n t s  o f  t h e  o l eo res ins  commonly found i n  c o n i f e r s .  
V o l a t i l e  o l e o r e s i n  components f rom ponderosa p i n e  have been shown t o  i n h i b i t  
t h e  growth o f  H. annosum and f o u r  ~ e r a t o c ~ s t i s  species (Cobb and o thers  1968), 
and a re  b e l i e v g d  t o  a i d  i n  defense o f  t r e e  from ba rk  bee t l es  (S ta r k  and Cobb 
1969). James and co-workers assoc ia ted  decreased o l e o r e s i  n  exudat ion w i t h  
inc reased  s u s c e p t i b i l i t y  t o  i n f e c t i o n  by H. annosum i n  r o o t s  (James and o the rs  
1980a) and c u t  stumps (James and o the rs  1 9 % 0 b m o n d e r o s a  and J e f f r e y  p ines .  

Ch r i s t i ansen  and o thers  (1987) a l s o  ment ion t h a t  p roduc t i on  o f  r e s i n s ,  as 
we1 1  as pheno l i c  compounds, i n  con i fe rous  t r e e s  p reven ts  fungal  as we1 1  as 
b e e t l e  a t t ack .  When f u n g i ,  b a c t e r i a ,  o r  v i r uses  i n f e c t  p l a n t s ,  p l a n t s  respond 
w i t h  a  hype rsens i t i ve  reac t i on .  A n e c r o t i c  area t h a t  depr ives  t h e  invader  o f  
l i v i n g  t i s s u e s  f o r  food forms around t h e  wound. I f ,  due t o  t h e  number o f  
a t t a c k s ,  t h e  r e s i n  concen t ra t i on  o f  t h e  r e a c t i o n  zone decreases, t h e  a b i l i t y  o f  
t h e  f ung i  t o  invade sapwood increases (Chr is t iansen  and o thers  1987). S k e l l y  
(1980) r epo r ted  increased inc idence  o f  r o o t  disease caused by V e r t i c i c l a d i e l l a  
p roce ra  i n  o x i d a n t - i n j u r e d  eas te rn  wh i t e  p i n e  i n  V i r g i n i a .  

A i r  p o l l u t i o n  i n j u r y  and reduced t r e e  v i g o r  have been i m p l i c a t e d  as t h e  
p red i spos ing  f a c t o r s  i n  t h e  i n f e s t a t i o n  by t h e  balsam wooly ade lg i d  (BWA) o f  
F raser  f ir [Abies f r a s e r i  (Pursh.) P o i r . ]  growing i n  t h e  Appalachian Mountains. 
The Fraser  f ir i n  t h e  Southern Appalachians i s  p a r t i c u l a r l y  suscep t i b l e  t o  t h e  
BWA t h a t  a r r i v e d  i n  t h i s  coun t ry  f rom Europe around 1900. - ~ t m o s ~ h e r i c  deposi-  
t i o n  i s  cons idered by Hain and A r t h u r  (1985) t o  be t h e  s t r e s s  f a c t o r  t h a t  
a l t e r s  t h e  defense-response o f  Fraser  f i r  and increases t h e  hos t  s u s c e p t i b i l i t y  
t o  i n s e c t  a t t ack .  Fraser  f ir d e c l i n e  on M t .  M i t c h e l l ,  t h e  h i ghes t  peak i n  
eas te rn  Nor th  America, has i n  t h e  pas t  been a t t r i b u t e d  t o  t h e  BWA. Recent 
observat ions suggest atmospheric depos i t i on  o f  SO2, ozone, and/or a i r bo rne  
microscopic  p a r t i c l e s  o f  meta ls  (e. g. , l ead  copper and n i c k e l )  probably  p l a y  a  
r o l e  (Hain and A r t h u r  1985). 

Tree m o r t a l i t y  p a t t e r n s  o f  Fraser  f ir vary a t  t h e  s i x  major  l o c a t i o n s  where 
t hey  grow. Trees on M t .  M i t c h e l l  a re  more suscep t i b l e  than  t r e e s  growing 
f a r t h e r  n o r t h  i n  V i r g i n i a  on M t .  Rogers. Genet ic d i f f e r e n c e s  and t he  g r e a t e r  
a b i l i t y  o f  t h e  t r e e s  on M t .  Rogers t o  produce monoterpenes have been assoc ia ted  
w i t h  t h e i r  g r e a t e r  t o l e rance  t o  BWA a t t ack .  I n  exper imenta l  s tud ies ,  mono- 
terpene p roduc t i on  between p re -  and post-wounding c o n t r o l  samples and t h e  
hype rsens i t i ve  zone was more v a r i a b l e  i n  M t .  Rogers t rees .  Terpene p roduc t i on  
i n  M t .  M i t c h e l l  t r e e s ,  on t h e  o t h e r  hand, was s tab le .  I n  a d d i t i o n ,  n e c r o t i c  
ectomycorrh iza l  r o o t s  were observed on t h e  t r e e s  on M t .  M i t c h e l l ;  t h i s  c o n d i t i o n  
was n o t  r epo r ted  from t r e e s  growing on M t .  Rogers (Hain and A r thu r  1985). 



Mycorrhizae a re  s e n s i t i v e  t o  changes i n  t h e  pho tosyn the t i c  capac i t y  o f  t h e  
hos t  t r e e s  and t h e i r  capac i t y  t o  t r a n s l o c a t e  carbon compounds t o  t h e  r o o t s  
(Hacskaylo 1973). For example, when seed l ings  o f  V i r g i n i a  p i n e  (P inus  

* * *  M i l l , ) ,  i n o c u l a t e d  w i t h  t h e  mycor rh iza l  fungus t e r r e s t r i s  
and growing under a  16-hour photoper iod,  were swi tched t o  9-hour photoper iods,  
t h e  seed1 ings  became dormant w i t h i n  4 weeks. No f u r t h e r  i nvas ion  o f  r o o t l e t s  
by t h e  fungus occurred even though r o o t  growth cont inued. Fungal sporophores 
were formed on t h e  seed1 i ngs t h a t  remained under t h e  16-hour photoper iod.  
Stud ies have shown t h a t  s imple sugars p rov ided  by p l a n t  r o o t s  a re  r e a d i l y  
u t i l i z e d  by mycorrhizae and enhance fungal  i n o c u l a t i o n  (Hacskaylo 1973; Krupa 
and F r i e s  1971). Be r r y  (1961), i n  h i s  s tud ies  t o  determine t h e  cause o f  
"emergence t i pbu rn , "  dug up t h e  r o o t s  o f  i n j u r e d  t r e e s  near Mar l ton ,  
WV, where i n j u r y  o f  eas te rn  w h i t e  p i n e  t r e e s  had been p r e v a l e n t  f o r  t h e  p a s t  
severa l  years.  The r o o t  systems o f  10 hea l t hy  and 10 i n j u r e d  t r e e s  were 
examined. He observed t h a t  72 percen t  o f  ozone- in ju red  t r e e s  had dead feeder  
r o o t s  as compared w i t h  o n l y  28 percen t  o f  t h e  r o o t s  o f  hea l t hy  t r ees .  Ozone 
exposure, t he re fo re ,  n o t  o n l y  i n h i b i t s  t h e  pho tosyn the t i c  capac i t y  o f  t h e  
eas te rn  wh i t e  p ine ,  b u t  a l s o  t h e  a1 t e r e d  carbon a1 l o c a t i o n  i s  expressed as a  
change i n  t h e  r e l a t i o n s h i p  between t h e  r o o t s  and t h e  mycor rh iza l  f ung i .  

Wargo (1972) r epo r ted  t h a t  a  r educ t i on  i n  t h e  s t a r c h  concen t ra t i on  i n  t h e  
r o o t s  o f  repea ted ly  d e f o l i a t e d  sugar maple t r e e s  was r e l a t e d  t o  a  se r i es  o f  
complex p h y s i o l o g i c a l  changes t h a t  r e s u l t e d  i n  smal l  e r  amounts o f  sugars and 
changes i n  t h e  number and concent ra t ions  o f  amino ac ids  i n  t h e  roo t s .  These 
changes predisposed r o o t s  t o  a t t a c k  by A r m i l l a r i a  mel lea. 

Ozone has a l s o  been shown t o  i n f l u e n c e  b a c t e r i a l  symbiosis i n  herbaceous 
species.  Whether i t  does so i n  t r e e s  and woody shrubs appears n o t  t o  have been 
i nves t i ga ted .  I n  herbaceous species,  t h e  r a t e  o f  n i t r o g e n  f i x a t i o n  by symbiot- 
i c  b a c t e r i a  i s  dependent on t h e  r a t e  o f  photosynthes is  by t h e  p l a n t .  Symbiot ic  
n i t r o g e n  f i x a t i o n  i s  t h e  major b i o l o g i c a l  source o f  f i x e d  n i t r o g e n  (Tingey and 
Blum 1973). 

Ozone has i n h i b i t e d  i n f e c t i o n  o f  herbaceous p l a n t s  by pathogens i n  con- 
t r o l l e d  experiments; however, t h e  i n h i b i t i o n  occurred when ozone concent ra t ions  
were severa l  t imes g r e a t e r  than those u s u a l l y  encountered i n  t h e  ambient a i r .  
I n h i b i t i o n  o f  f o r e s t  pathogens by ozone has n o t  been repor ted .  

Summary.--Tree v i g o r  i s  ve ry  impor tan t  i n  hos t  t r e e - i n s e c t  i n t e r a c t i o n s .  
Most species o f  ba rk  bee t l es  a re  ab le  t o  breed o n l y  i n  t r e e s  t h a t  e x h i b i t  
severe d e c l i n e  o r  a re  a l r eady  dead. A i r  p o l l u t a n t s  such as SO and 03, by 
a l t e r i n g  t he  p h y s i o l o g i c a l  processes w i t h i n  t r ees ,  t end  t o  ma8e them more 
suscep t i b l e  t o  i n s e c t  and pathogen a t t ack ,  I n  a d d i t i o n ,  a i r  p o l l u t a n t s  can 
i n t e r f e r e  w i t h  t h e  n a t u r a l  defense processes w i t h i n  t r ees .  Increased beet1 e  
and fungal  a t t acks  have been observed i n  f o r e s t s  sub jec ted  t o  SO o r  0 
exposure. The ab i  1  i t y  o f  t r e e s  t o  w i t hs tand  environmental  , i n s e c t ,  %nd pa 
a t t acks  has been r e l a t e d  t o  t h e  amount o f  s t o red  carbohydrate.  I t  has been 
hypothesized t h a t  t h e  a b i l i t y  o f  t r ees  t o  w i t hs tand  a t t a c k s  by ba rk  bee t l es  and 
t h e i r  assoc ia ted f u n g i  i s  l i n k e d  t o  t h e  amount o f  carbohydrates t h a t  can be 
u t i l i z e d  d i r e c t l y  f o r  defens ive wound reac t i ons .  Therefore,  any environmental  
f a c t o r  t h a t  r e s t r i c t s  t h e  s i z e  o f  t h e  canopy o r  i t s  pho tosyn the t i c  e f f i c i e n c y  
can weaken a  t r e e ' s  res is tance .  A i r  p o l l u t a n t s ,  by i n h i b i t i n g  t h e  process o f  
photosynthes i  s  and t h e  fo rmat ion  o f  photosynthate,  can a f f e c t  t h e  t r e e ' s  
a b i l i t y  t o  w i t hs tand  depredat ion by i n s e c t s  o r  pathogens. 



A t r e e ' s  ab i  1  i ty  t o  form mycorrh i  zal r e1  a t i  onships has a l  so been r e 1  a t e d  
t o  i t s  v i g o r .  inhibiting photosynthes is  and t h e  amount o f  carbohydrate a v a i l -  
a b l e  f o r  t r a n s l o c a t i o n  t o  t h e  r o o t s  can i n t e r f e r e  w i t h  mycor rh iza l  fo rmat ion ,  
and thus f u r t h e r  weaken t h e  a b i l i L y  o f  t r e e s  t o  w i t hs tand  environmental  and 
b i o l o g i c a l  s t resses  such as those posed by insecLs o r  pathogens. 

4.3 
Fores t  Trees? 
Tree growth i s  t h e  cu lm ina t i on  o f  many biochemical  and p h y s i o l o g i c a l  

processes. The carbon necessary f o r  growth, maintenance, and rep roduc t i on  o f  
t r e e s  i s  ob ta ined  d u r i n g  t h e  process o f  photosynthes is .  Carbon d i o x i d e  
d i f f u s e s  from t h e  atmosphere i n t o  t h e  leaves o f  green p l a n t s  through t h e  
stomata and i n t o  t h e  i n t e r c e l l u l a r  spaces, then  i n t o  t h e  mesophyll c e l l s  where 
photosynthes is  takes p lace.  W i t h i n  t h e  c h l o r o p l a s t s  i n  t h e  mesophyll c e l l s ,  
t h e  energy o f  s u n l i g h t  i s  used t o  conver t  carbon d i o x i d e  i n t o  carbohydrates 
t h a t  then can be used i n  t h e  o t h e r  b iochemica l  processes necessary f o r  p l a n t  
s u r v i v a l .  V i r t u a l l y  every  p e r t u r b a t i o n  o f  a  p l a n t  community r e s u l t s  i n  s t r e s s  
and a f f e c t s  t h e  performance and s u r v i v a l  o f  i n d i v i d u a l  p l a n t s .  The d iscuss ions  
i n  t h e  f o rego ing  sec t ions  p o i n t  o u t  how exposure t o  a i r bo rne  chemical s t r esses  
by a f f e c t i n g  p h y s i o l o g i c a l  and biochemical  processes i n h i b i t  photosynthes is ,  
a1 t e r  carbon a1 l o c a t i o n ,  i n f l u e n c e  v i g o r  and reproduc t ion ,  and can inc rease  
s u s c e p t i b i l i t y  o f  t r e e s  t o  pathogens and i n s e c t  pests .  The impact t h a t  ambient 
a i r  p o l l u t a n t s  s t resses (e.g. , s u l f u r  d i o x i d e  o r  ozone) have on growth 
i s  determined by t h e  age o f  t h e  t r e e ,  t h e  complex i n t e r a c t i o n s  o f  p o l l u t a n t  
and n a t u r a l  s t resses  w i t h  var ious  environmental  and gene t i c  f a c t o r s  and t h e i r  
combined a c t i o n  on p h y s i o l o g i c a l  and biochemical  processes. 

Because f o r e s t  t r e e s  and shrubs a re  pe renn ia l  p l a n t s ,  they  must cope w i t h  
t h e  cumulat ive e f f e c t s  o f  bo th  sho r t -  and long- term st resses.  Responses o f  
t r e e s  t o  some st resses may appear r a p i d l y  as, f o r  example, when s e n s i t i v e  
eas te rn  wh i t e  p i n e  needles express v i s i b l e  symptoms w i t h i n  days a f t e r  exposure 
t o  episodes o f  h i gh  ozone concent ra t ions .  I n  t h e  m a j o r i t y  o f  ins tances,  how- 
ever ,  responses a re  more s u b t l e  and may n o t  be observable f o r  many years.  
Adapta t ion  and response o f  t r e e s  t o  s t resses  a re  expressed by d i f f e r e n t i a l  
growth, a  r e s u l t  o f  changes i n  carbon a1 l o c a t i o n  (Waring and Schles inger  
1985; McLaughlin and Sh r i ne r  1980). It i s ,  t h e r e f o r e ,  u s u a l l y  d i f f i c u l t  t o  
a t t r i b u t e  responses observed today t o  a  s t r e s s  o r  s t resses  t h a t  occurred many 
years  p rev ious .  The sec t ions  t h a t  f o l l o w  d iscuss s tud ies  i n  which a i r  p o l l u t -  
an t s  have been i m p l i c a t e d  as t h e  cause o f  a  r e d u c t i o n  i n  t r e e  growth. 

a) S u l f u r  Compounds 

Many observat ions under ambient f i e l d  c o n d i t i o n s  and exper imental  s t u d i e s  
i n d i c a t e  t h a t  exposure t o  SO a f f e c t s  t r e e  growth. The m a j o r i t y  o f  t h e  
exper imental  s t ud ies  used segdl ings t o  s tudy exposure-response because: 
1) they  r e q u i r e  l i t t l e  space, a re  r e a d i l y  t r anspo r ted  and grown, and can be 
e a s i l y  exposed under c o n t r o l l e d  cond i t i ons ;  2) they  a re  h i g h l y  suscep t i b l e ;  
3) t hey  p e r m i t  e a r l y  d e t e c t i o n  o f  adverse e f f e c t s ;  and 4) t h e  exper imenta l  
r e s u l t s  a re  e a s i l y  r e l a t e d  t o  n a t u r a l  regenera t ion .  Na tu ra l  regenera t ion  i s  
impor tan t  i n  f o r e s t r y  as an a l t e r n a t i v e  t o  p l a n t i n g  and i n  ma in ta i n i ng  gene t i c  
d i v e r s i t y .  A disadvantage, however, i s  t h a t  w h i l e  t h e  responses o f  o l d e r  
seedl ings more c l o s e l y  resemble grown t r e e s ,  t h e  responses o f  young seed l ings  
t o  a i r  p o l l u t a n t s  may n o t  be a p p l i c a b l e  t o  l a r g e  t r e e s  ( K e l l e r  1985). An 



a d d i t i o n a l  shortcoming o f  many o f  t h e  s tud ies  i s  t h a t  t h e  concent ra t ions  used 
u s u a l l y  were much g r e a t e r  than  those encountered i n  ambient a i r .  The advan- 
tage o f  us i ng  h i gh  concent ra t ions ,  on t h e  o t h e r  hand, i s  t h a t  they  p e r m i t  t h e  
e a r l y  d e t e c t i o n  o f  adverse e f f e c t s ,  p a r t i c u l a r l y  v i s i b l e  e f f e c t s .  

I n  t h e  s tud ies  t h a t  used concent ra t ions  approaching o r  equa l ing  those 
encountered i n  the  ambient a i r ,  f o l i a r  i n j u r y  was u s u a l l y  t h e  i n d i c a t o r  o f  

exposure e f f e c t s .  Fo l  i a r  i n j u r y ,  however, i s  n o t  a  re1  i a b l e  i n d i c a t o r  
t growth reduc t i ons  have occur red  o r  w i l l  occur.  Growth reduc t i on  can 

occur  w i t h o u t  f o l i a r  i n j u r y  (U.S. Environmental P r o t e c t i o n  Agency 1986). 
Car lson (1979) observed r e d u c t i o n  i n  photosynthes is  i n  sugar maple, b l a c k  oak, 
and w h i t e  ash w i t h o u t  any f o l i a r  symptoms ( t a b l e  12; sec. 4.3.2). Growth 
reduc t i ons  were n o t  mentioned, b u t  t h e  au thor  suggests t h a t  p l a n t  p r o d u c t i v i t y  
i n  p o l  1  u ted  environments cou ld  be g r e a t l y  reduced w i t h o u t  v i  s i  b l  e  symptoms 
appear i  ng. 

Only a  few major  i n v e s t i g a t i o n s  have repo r ted  observat ions based on t r e e s  
growing under n a t u r a l  c o n d i t i o n s  (D re i s i nge r  1965; D re i s i nge r  and McGovern 
1970; Legge 1980; Legge and o thers ;  L inzon 1971, 1980; Sche f fe r  and Hedgcock 
1955; 1981). A l l  o f  these s tud ies  were assoc ia ted  w i t h  p o i n t  sources o f  SO2 
and were made i n  Canada. Sche f fe r  and Hedgcock (1955) made t h e  c l a s s i c a l  
s tudy assoc ia ted  w i t h  emissions from t h e  smel ters  near T r a i l ,  B r i t i s h  Columbia; 
L inzon and h i s  co-workers repo r ted  on t h e  Sudbury, On ta r i o  area, w h i l e  Legge 
and h i s  co-worker s t u d i e d  t h e  e f f e c t s  o f  SO2 on a  f o r e s t  ecosystem near 
Whi tecour t  i n  west c e n t r a l  A lber ta .  

I n  areas o f  moderate s u l f u r  d i o x i d e  concent ra t ions ,  Douglas f i r  and pon- 
derosa p i n e  sap1 i ngs  were reduced i n  v i g o r  and many were k i  1  led .  Near t h e  
smel ters ,  t h e  Douglas f i r  were most severe ly  i n j u r e d .  The presence o f  SO i n  
t h e  atmosphere r e s u l t e d  i n  t h e  presence o f  abnormal concen t ra t ions  o f  sul%ur 
i n  t h e  leaves (Sche f fe r  and Hedgcock 1955). 

Table 13 i n d i c a t e s  t h e  degree o f  i n j u r y  t o  eas te rn  wh i t e  p i n e  observed 
over  a  10-year p e r i o d  (1953-1963) i n  t h e  su l f u r - f ume-e f f ec t s  area o f  smel ters  
near Sudbury, (L inzon 1980). L inzon (1971, 1978) i n d i c a t e d  t h a t  a  p o l  1  u t i o n  
(SO ) g r a d i e n t  e x i s t e d  w i t h i n  t h e  des ignated s tudy areas. E f f e c t s  c o r r e l a t e d  
wel! w i t h  t h i s  g rad ien t .  Chronic e f f e c t s  on f o r e s t  growth were prominent 
where SO a i r  concen t ra t ions  annua l l y  averaged 17- o r  45-ppb (45 o r  115 pg/m ) 
SO an{ such e f f e c t s  were n o t  r epo r ted  i n  areas r e c e i v i n g  o n l y  8 ppb 
(2fYpg/m ) SO annual ly. A1 though mon i t o r i ng  o f  SO was conducted i n  these 
s tud ies ,  ne i  t 6 e r  concen t ra t ions  o f  o t h e r  a i r  po l  1  u t i n t s  nor  t h e i r  p o t e n t i a l  
i n t e r a c t i o n s  were eva lua ted  by t h e  authors .  I t  i s  a l s o  n o t  c l e a r  t o  what 
e x t e n t  h igh,  shor t - term,  peak SO exposures may have c o n t r i b u t e d  t o  t h e  
e f f e c t s  t h a t  have been assoc ia ted  $i t h  annual average SO2 concent ra t ions .  

I n  a  study o f  t h e  e f f e c t s  o f  low SO concen t ra t ions  on a f o r e s t  
ecosystem, t h e  main eco log i ca l  process d i r & c t l y  and i n d i r e c t l y  a f f e c t e d  was 
n u t r i e n t  c y c l i n g  (Legge 1980; Legge and o thers  1980). The depos i t i on  o f  
s u l f u r  on to  t h e  s o i l  p r o g r e s s i v e l y  a l t e r e d  t h e  minera l  n u t r i e n t  balances o f  
ecosystem components by mod i f y i ng  t h e  p h y s i o l o g i c a l  and biochemical  f unc t i ons  
and r e l a t i o n s h i p s  among t h e  components. Laboratory  and f i e l d  measurements 
revea led  a  decrease i n  t h e  r a t e  o f  photosynthes is  i n  lodgepole p i n e  x  j a c k  
p i n e  (Pinus c o n t o r t a  Dougl. ex Loud. x - P. banksiana Lamb. ) hyb r i ds  i n  t h e  





f i e l d .  Reduct ion o f  adenosine t r i phospha te  (ATP) concen t ra t i on  i n  p i n e  t i s s u e  
d u r i n g  SO f um iga t i on  i n  t h e  f i e l d  a l s o  was observed. Complete recovery 
f o l  lowed ?ermi n a t i o n  o f  SO2 fumiga t ion .  Basal area increment measurements o f  
200 lodgepole p i n e  x  j a c k  p i n e  t r e e s  from f i v e  e c o l o g i c a l l y  comparable 
sampl ing s i t e s  revea led  a decrease i n  wood p roduc t i on  was d i r e c t l y  r e l a t e d  t o  
t h e  SO concen t ra t i on r .  The maximum reduc t i on  i n  basal  area increments 
occurrgd nearest  t h e  Whitecount Gas p l a n t  and f e l l  t o  zero a t  9.6 km. 
Recovery i n  t h e  area began w i t h  t h e  t e r m i n a t i o n  o f  SO emissions. Again, 
these s tud ies  i n d i c a t e  g r e a t e s t  t r e e  i n j u r y  was observgd near p o i n t  sources 
and downwind from t h e  SO2 source (Legge 1980). 

Reductions i n  t r e e  growth observed a f t e r  SO2 exposures undoubtedly r e s u l t  
f rom a r e d u c t i o n  i n  t h e  r a t e  o f  photosynthes is  and a l t e r a t i o n s  i n  carbon 
a l l o c a t i o n  and t r a n s l o c a t i o n .  These processes- together  w i t h  o the r  processes 
such as m o b i l i z a t i o n  o f  s torage reserves,  r e a l l o c a t i o n  o f  n u t r i e n t s  between 
o l d  and new leaves, and t h e  f a c t o r s  t h a t  r e g u l a t e  t h e  d i s t r i b u t i o n  o f  p l a n t  
n u t r i e n t  resources between r o o t s ,  shoots,  and rep roduc t i ve  p l a n t  p a r t s -  
i n f l u e n c e  t h e  p a t t e r n s  o f  t r e e  growth (Winner and o the rs  1985). 

b)  N i t r ogen  Compounds 

No pub l i shed  r e p o r t s  r e l a t i n g  growth reduc t i on  o f  t r e e s  w i t h  exposures t o  
NO o r  NO i n  ambient a i r  e x i s t .  Ambient a i r  concen t ra t ions  do n o t  reach 
l e v e l s  c&able o f  caus ing i n j u r y  t o  vege ta t i on  (Nat iona l  Research Counci 1  
1978b; U. S. Environmental P r o t e c t i o n  Agency 1982b). A s tudy i n  Cal i f o r n i a  i n  
t h e  e a r l y  1970s compared t h e  e f f e c t s  o f  NOx i n  smog w i t h  greenhouse fumiga- 
t i o n s  (Thompson and o thers  1971). Leaf drop o f  navel  orange t r e e s  was used t o  
determine p o l l u t a n t  e f f e c t .  Ambient concen t ra t ions  o f  NO i n  smog v a r i e d  
cons iderab ly ,  depending on t he  l e v e l  o f  emissions, t ime  o f  gay, and t h e  amount 
o f  s u n l i g h t .  I n  e a r l y  summer, peak concent ra t ions  o f  120 ppb were observed; 
i n  l a t e  summer and e a r l y  f a 1  1, peaks reached 240 ppb. The concent ra t ions  o f  
o t h e r  chemicals i n  t h e  smog are  n o t  mentioned. Greenhouse fumiga t ions  were 
w i t h  100 and 500 ppb. Exposures l a s t e d  35 days. The authors  concluded t h a t  

l e v e l s  i n  t h e  10s Angeles Basin a re  n o t  caus ing s i g n i f i c a n t  i n j u r y  t o  
us" (Thompson and o the rs  1971). 

S k e l l y  and h i s  co-workers ( S k e l l y  and o thers  1972; Stone and S k e l l y  1974) 
r e l a t e d  reduc t ions  i n  growth o f  eas te rn  wh i t e  p i ne  and ye1 low-poplar  t o  emis- 
s ions  o f  NO a lone o r  i n  combinat ion w i t h  SO2 f rom t h e  U.S. Army Ammunition 
P l a n t  a t  Ra i f o rd ,  VA. These s tud ies  a re  t h e  o n l y  pub l i shed  instances where 
i n j u r y  t o  t r e e s  i n  t h e  f i e l d  have been assoc ia ted  w i t h  NOx emissions. S u l f u r  
d i ox i de ,  however, a l s o  was be ing  em i t t ed  a t  t h e  same t ime as NOx Since no 
a i r  q u a l i t y  measurements were made d u r i n g  t h e  p e r i o d  t h e  growth reduc t ions  
occurred,  i t  i s  d i f f i c u l t  t o  determine t h e  concent ra t ions  o f  e i t h e r  p o l l u t a n t  
a t  t h e  t ime or determine which p o l l u t a n t  was caus ing t h e  i n j u r y .  

Mun i t ions  p roduc t i on  l e v e l s  a t  t h e  arsenal  were used as an i n d i c a t o r  o f  
t h e  amounts o f  NO2 and SO2 be ing  em i t t ed  because ac tua l  measurements were n o t  
a v a i l a b l e  f o r  t h e  pe r i ods  ( d u r i n g  World War I I ,  1941 through 1945, and d u r i n g  
t h e  Korean conf  1  i c t ,  1950 through 1956) when t h e  growth reduc t ions  occurred. 
Nor were they  avai  l a b l e  f o r  t h e  p e r i o d  between World War 11 and t h e  Korean 
c o n f l i c t  (1946-1949) when t h e  t r e e  growth increased. f r e e  growth was 
determined by us ing  annual increment cores. Reductions i n  growth o f  eas te rn  



white pine and yellow poplar were inversely correlated with production levels.  
High production ra tes  were associated with decreased t r ee  growth, low produc- 
t ion levels with increased growth. Emi ssion measurements were made during 
1967 and 1969 a t  the time of the Vietnam confl ic t  when production levels were 
high, as a possible basis for estimating the emissions during the years no 
measurements were made. Maximum l-hour concentrations of NO and SO2 in 1967 
were 120 and 40 ppb, respectively. For 1969, the maximum 1-%cur NO concen- 
t ra t ions  of 580 ppb and 670 ppb of SO2 were substantially higher. 2 ~ i t r o g e n  
dioxide concentrations for  e i ther  year are f a r  below those shown experimentally 
t o  cause vegetational injury ( table  11; sec. 4 .3)-  

Kress and others (1982) studied the growth impact of 03, NO2 and/or SO 
on loblol ly pine seed1 ings. Significant growth suppression was observed it? 
the re la t ively sensit ive fu l l - s ib  loblolly pine families in a l l  treatments 
except NO2 alone. The concentration of NO2 was 100 ppb. In another study, 
Kress and Skelly (1982) exposed willow oak, green ash, white ash, sugar maple, 
sweet gum, sycamore, yellow-poplar, pitch pine and loblolly pine seedlings t o  
chronic doses of 0 and NO . Height growth of loblolly and Virginia pine was 
suppressed by expo?ure t o  $40 a t  110 ppb; however, white ash and green ash 
exhibited greater height groith than the control. In t he i r  f inal  assessment, 
the authors s t a t e  tha t  "the relationship tha t  data such as these have to  
ambient Pi el d condi t i  ons i s tenuous '' 

The foregoing discussions of data reporting the effects  of NO exposure 
serve to r e i t e r a t e  the statement made ea r l i e r  t ha t  concentration$ of NO 
suff ic ient  t o  injure t rees  growing in the forests  are  seldom i f  ever encofin- 
tered except in the vicini ty  of point sources such as power plants or munitions 
factor ies .  

c )  Ozone 

The e f fec t s  of ozone on growth of vegetation, especially crop plants,  are  
well documented and have been widely reviewed (Heck and others 1982; Krupa and 
Legge 1986; National Research Council 1 9 7 7 ~ ;  U.S. Environmental Protection 
Agency 1986). The effects  of ozone on the growth of forest  t rees  have not 
been studied as thoroughly. As in the case of SO , most of the studies c i t e  
the e f fec t s  of ozone on seedlings. The majority o these experimental studies 
has exposed the seedlings in growth chambers or continuously s t i r r ed  tank 
reactors;  some have used open-top chambers in the f i e ld ,  Reich (1987) c i t e s  
the resul ts  of many of these studies. The widespread dis t r ibut ion and 
regionality of ozone, however, have also made possible the observation of the 
e f fec t s  of ozone exposure on t rees  growing in forests .  The best documented 
studies are those in the San Bernardin~ Forest of California (Miller 1984; 
Miller and others 1982). There a re ,  however, f i e l d  studies and observations 
t ha t  indicate tha t  ozone has been an important pollutant in t he  eastern United 
States for many years (Berry 1961; Berry 1964; Berry and Hepting 1964; Berry 
and Ripperton 1963; Hayes and Skelly 1977). 

Generally, exposure to  ozone i s  considered not beneficial t o  t ree  growth; 
however, growth stimulation of both herbaceous and woody plants by low ozone 
concentrations (20 to  50 ppb) has been reported (Bennett and others 1974; 
Kress and Skelly 1982). Growth stimulation of herbaceous plants occurred when 
plants grown in l o w  ozone concentrations were compared with those grown in 



ca rbon - f i l t e red ,  ozone-free a i r .  Bennett and others (1974) hypothesized t h a t  
the  apparent growth s t i m u l a t i o n  occurred because domestic herbaceous p lan ts ,  
such as the  ones they used, were selected f o r  low s e n s i t i v i t y  t o  ambient ozone 
concentrat ions o f  10 t o  40 ppb. They were, there fore ,  no t  adapted t o  growing 
i n  an ozone-free atmosphere. Other s tudies a l so  have observed t h a t  p l a n t s  
t h a t  are g e n e t i c a l l y  adapted t o  growth i n  s t r e s s f u l  environments f requent ly  do 
no t  grow as w e l l  as when t r a n s f e r r e d  t o  s t ress - f ree  cond i t ions  (Roose and 
others 1982). 

Kress and S k e l l y  (1982) repor ted  apparent growth s t i m u l a t i o n  when 2-to- 
4-week-old ye1 low-poplar ( L i r iodendron t u l  i p i f e r a  L. ), sweetgum (Liquidambar 
s t y r a c i f l u a  L.) ,  sycamore (Platanus occ iden ta l i s  L.) and sugar maple seedl ings 
qrown i n  ca rbon - f i l t e red ,  ozone-free a i r  were compared w i t h  those exposed t o  
50, 100, and 150 ppb o f  ozone 6 hours per  day f o r  28 consecutive days. 
S i g n i f i c a n t  s t i m u l a t i o n  o f  growth i n  he igh t  o f  sweet gum, ye l l ow  pop lar ,  and 
sycamore was observed a t  50 ppb, and o f  sugar maple a t  100 ppb. Growth 
suppression, however, was observed f o r  sweetgum and sycamore a t  100 ppb (see 
below). Kress and Ske l ly ,  when analyz ing t h e i r  r e s u l t s ,  s ta ted  t h a t  the 
r e l a t i o n s h i p  between t h e i r  data and ambient f i e l d  cond i t ions  was tenuous. 

Growth suppression r a t h e r  than s t i m u l a t i o n  i s  a much more common phenome- 
non resu l  ti ng from ozone exposure. Under con t ro l  1 ed cond i t ions  , Kress and 
Ske l l y  (1982) observed s i g n i f i c a n t  suppression o f  he igh t  growth i n  2- t o  
4-week o l d  t r e e  seed1 ings exposed t o  ozone f o r  6 hours per  day f o r  28 days. 
A t  50 ppb: l o b l o l l y  p ine  (P inus  -- taeda L.) showed 18 percent  reduct ion,  
American sycamore, 9 percent;  a t  100 ppb: p i t c h  p ine  (P. r i g i d a  M i l  1. ), 13 
percent;  sweetgum, 29 percent;  green ash (Fraxinus enns l van i ca  Marsh.), 24 
percent;  and a t  150 ppb: w i l l o w  oak (Quercus phe l l os  fr_ L. and sugar maple, 19 
and 25 percent,  respect ive ly .  Other i nves t i ga to rs  have repor ted s i m i l a r  
r e s u l t s  f o r  o ther  t r e e  species exposed t o  ozone under o t h e r  regimes (e.g., 
Constant inidou and Kozlowski 1979; Dochinger and Townsend 1979; Kress and 
others 1982; Mooi 1980; Patton 1981; Pye 1988). 

Hogsett and others (1985), us ing  exposures t h a t  simulated ambient condi- 
t i o n s ,  noted a reduct ion  i n  growth i n  height ,  diameter, and r o o t  length  i n  two 
v a r i e t i e s  o f  s lash p ine  seedl ings rece i v ing  chronic  ozone exposure. The 
seed1 ings were exposed t o  one o f  th ree  regimes: (1) c h a r c o a l - f i l t e r e d  a i r ;  
(2) an exposure p r o f i l e  w i t h  a d a i l y  1-hour maximum o f  126 ppb a t  around 
2 p.m., a 7-hour (9 a.m. t o  4 p.m.) seasonal mean o f  104 ppb, and an i n teg ra ted  
exposure o f  155,000 ppb-hour (sum o f  hour ly  ppm >0); o r  (3) a s i m i l a r  ozone 
exposure p r o f i l e  b u t  w i t h  a d a i l y  1-hour maximum o f  94 ppb, a 7-hour seasonal 
mean o f  76 ppb, and an i n teg ra ted  exposure o f  122,000 ppb-hours. Both 
v a r i e t i e s  o f  s lash p ine  e x h i b i t e d  an increas ing  reduct ion  i n  growth w i t h  
increas ing  ozone concentrat ion. A s i g n i  f i c a n t  reduc t ion  (p <0.001) i n  stem 
diameter occurred by day 112 f o r  both ozone treatments: 24 percent  l ess  than 
t h a t  o f  con t ro l s  f o r  " e l l i o t t i i "  and 30 percent l ess  f o r  "densa" a t  the  lowest 

exposure; and 40 percent  and 50 percent  below con t ro l  p l a n t s  f o r  " e l l i o t t i i "  
d "densa," respec t i ve l y ,  a t  the  h ighes t  O exposure. Both 0 exposures a l so  

caused s i g n i f i c a n t  reduct ions i n  growth ii heigh t  (p <0.001?. The most 
pronounced change was observed i n  the  growth o f  roo ts ,  which i n  " e l  1 i o t t i  it' 
was reduced 33 percent  by day 2 1  a t  an i n teg ra ted  exposure o f  29 ppm per  
hour, and 27 percent by day 56 w i t h  an exposure o f  63 ppm per  hour. 



Studies dealing with the e f fec t s  of ozone on growth of t rees  in t h e i r  
natural habitats have focused mainly on the San Bernardino forest  ecosystem i n  
California,  where the e f fec t s  of a i r  pollution on forests  were f i r s t  observed. 
Studies of a i r  pollution e f fec t s  on forests  in the Eastern United States have 
developed more slowly and, unti l  reports (Johnson and others 1984; Johnson and 
Siccama 1984; Siccama and others 1982) of fores t  decline in the Northeast 
began to  appear, were concentrated i n the southern Appalachian Mountai ns, 
probably because a i r  pollution injury o f  forests  has not been a readily 
vi s i  ble phenomenon. 

Oxidant-induced injury of vegetation has been observed in the Appalachian 
Mountains for  many years. The U.S. Forest Service in the 1950's studied the 
decline of eastern white pine in an area covering several hundred square miles 
on the Cumberland Plateau of East Tennessee, and concluded tha t  unidentified 
atmospheric constituents were the cause (Berry and Hepting 1964). 

Needle blight (also called emergence tipburn) of eastern white pine was 
f i r s t  reported in the early 1900's, b u t  i t  was not unti l  1963 tha t  i t  was shown 
by Berry and Ripperton (1963) to  be the resu l t  of acute and chronic oxidant 
exposure. An unusually high incidence of emergence tipburn of eastern white 
pine occurred during the summer of 1961 in western North Carolina and 
surrounding States.  During the same period, researchers a t  North Carol i na 
S ta te  University reported a very high incidence of weatherfleck of tobacco, a 
condition now known to  resu l t  from ozone exposure (Berry 1961). 

Investigations to  determine the cause of the tipburn included examination 
of roots of injured and uninjured t rees .  On injured t r ee s ,  72 percent of the 
primary roots had dead ends; on healthy t rees ,  28 percent (Berry 1961). 
Associated with the injury were oxidant concentrations of 65 ppb for the 
period from 1:30 t o  3:00 p.m. on July 1 ,  and from 1: 15 to  5:15 p.m. on July 2,  
1961; e a r l i e r ,  on June 27, 50 ppb had also been measured in Pocahantas County, 
WV (Berry 1964). Measurements were made the following year t o  compare 
concentrations between the valley and mountain top. The highest concentra- 
t ions  were recorded during the day in the valley and a t  night on the mountain 
top. On the night of June 28, oxidant peaks of 220 ppb were recorded a t  
1: 15 a.m. , 120 ppb a t  2: 30 a.m. , and 90 ppb a t  8:45 a,  m .  For the valley, the 
highest concentrations (250 ppb) were observed between 1 2  noon and 5 p.m., 
during July 6 t o  8 ,  1962. (Oxidant measurements were made with a Mast meter.) 

Despite these early reports of Berry (1961, 1964), Berry and Hepting 
(1964), and Berry and Ripperton (19631, no concerted e f for t s  were made t o  
determine the effects  of ozone on the vegetation of the Appalachian Mountains 
unti l  Hayes and Skelly (1977) began monitoring to ta l  oxidants and reported 
oxidant-associated needle injury o f  eastern white pine a t  three rural Virginia 
s i t e s  between April 1975 and March 1976. The injury was associated with 
oxidant peaks of 80 ppb or higher. Hayes and Skelly suggested tha t  continued 
exposure of sensi t ive  and intermediately sensi t ive  white pine to  acute and 
chronic oxidant concentrations could ultimately influence the i r  vegetative 
vigor and reproductive ab i l i t y .  

Needle i n jury symptoms and decreased growth of 25-year-ol d white pi ne 
growing on a plantation on the Cumberland Plateau near Oak Ridge, TN, were 
associated with ozone exposure (Mann and others 1980). To bet ter  understand 



t h e  mechanisms I 'nvolved i n  growth reduc$l"on o f  t h e  t r ees ,  Mann and o thers  
(1980) and McLaughlin and o the rs  (1982) conducted s tud ies  o f  t h e  seasonal 
phys i  o l  og i  c a l  responses o f  w h i t e  p i  ne. Several ozone ep i  sodes w i t h  l- hour- 
average concent ra t ions  g rea te r  than  80 ppb were exper ienced between A p r i l  1 
and J u l y  17, 1977. A peak o f  150 ppb was reached on June 16. Concentrat ions 
du r i ng  t h e  p rev ious  yea r  (19761, however, had n o t  been as h igh.  Concentrat ions 
exceeded 80 ppb f o r  o n l y  15 days, as compared w i t h  40 i n  1977. S u l f u r  d i o x i d e  
(100 ppb) and NO (200 ppb) l e v e l s  d u r i n g  t h e  s tudy p e r i o d  were below those 
concent ra t ions  k#own t o  cause v e g e t a t i  anal  i n  j u r y .  

I n  a  subsequent s tudy o f  t h e  same t r e e s ,  McLaughlin and o thers  (1982) 
found reduced annual r a d i a l  growth, which they  a l s o  a t b i b u t e d  t o  h i gh  con- 
c e n t r a t i o n s  o f  ozone. McLaughlin and o thers  (1982) d i v i d e d  t r e e s  i n t o  t h ree  
s e n s i t i v i t y  c l asses - to l e ran t ,  i n te rmed ia te ,  and s e n s i t i v e -  on t h e  bas is  o f  
needle c o l o r  and l eng th ,  and d u r a t i o n  o f  r e t e n t i o n .  A steady d e c l i n e  i n  
annual r i n g  increment o f  s e n s i t i v e  w h i b  p ines  was observed d u r i n g  t h e  years 
1962 through 1979. Reductions o f  70 percen t  i n  average annual growth o f  
s e n s i t i v e  t r ees ,  when compared t o  t h e  growth o f  t o l e r a n t  and in te rmed ia te  
t r e e s ,  were noted. To le ran t  t r e e s  showed a  c o n s i s t e n t l y  h i ghe r  growth r a t e  o f  
5 t o  15 percen t  (p = 0. 005) than  i n te rmed ia te  b e e s  f o r  t h e  1960 t o  1968 
i n t e r v a l  , s im i  l a r  growth from 1969 through 1975, and reduced growth o f  5 t o  
15 percen t  ( bu t  s i g n i f i c a n t  o n l y  a t  p  = 0.10) f o r  t h e  p e r i o d  1976 through 
1979, compared t o  t r e e s  o f  i n t e rmed ia te  s e n s i t i v i t y .  Needles o f  ozone- 
s e n s i t i v e  t r e e s  were 15 t o  45 percen t  s h o r t e r  than  those o f  e i t h e r  o f  t he  
o t h e r  c lasses.  Dec l ine  was a t t r i b u t e d  p r i m a r i l y  t o  ch ron i c  exposure t o  ozone, 
which f r e q u e n t l y  occur red  a t  p h y t o t o x i c  concen t ra t ions  i n  t h e  area. For t h e  
years 1975 through 1979, t h e  inc idence  r a t e s  f o r  h o u r l y  concen t ra t ions  >80 ppb 
were: 1976, 190 hours; 1977, >339 hours; 1978, 190 hours; 1979, 125 Fours. 
Maximum 1-hour concen t ra t ions  ranged from 120 t o  300 ppb d u r i n g  t h i s  per iod .  
The p o l l u t a n t s  s u l f u r  d i o x i d e  and f l u o r i d e  have been measured i n  t h e  area, b u t  
t h e  premature l o s s  o f  needles and occas ional  t i p  necros is  o f  needles o f  t h e  
c u r r e n t  year  a re  man i f es ta t i ons  u s u a l l y  assoc ia ted  w i t h  ozone, and no cause- 
and -e f f ec t  r e l a L i o n s h i p  w i t h  s u l f u r  d i o x i d e  i s  i n d i c a t e d  by t h e  a v a i l a b l e  
data. 

I n  t h e  s tud ies  discussed above (Mann and o the rs  1980; McLaughlin and 
o thers  1982), d e c l i n e  i n  v i g o r  and r e d u c t i o n  i n  t h e  growth o f  con i fe rous  t r ees  
were u s u a l l y  assoc ia ted  w i t h  t he  f o l l o w i n g  sequence o f  events and cond i t i ons :  
(1) premature senescence and 105s o f  o l d e r  needles a t  t h e  end o f  t h e  growing 
season, p robab ly  l ead ing  t o  (2) reduced carbohydrate s torage capac i t y  i n  t h e  
f a l l  and reduced resupp ly  capac i t y  i n  t h e  s p r i n g  t o  suppor t  new needle growth; 
and (3) increased r e l i a n c e  o f  new needles on s e l f - s u p p o r t  du r i ng  growth. 
T h i s  r e s u l t e d  i n  (4) s h o r t e r  new needles, lower  gross p h a b s y n t h e t i c  produc- 
t i v i t y  and (5)  a h igher  r e t e n t i o n  o f  c u r r e n t  photosynthate by f o l i a g e ,  thus 
reduc ing  t he  a v a i l a b i l i t y  of  photosynthate f o r  ex te rna l  use ( i n c l u d i n g  r e p a i r  
s f  c h r o n i c a l l y  s t ressed  t i s s u e s  o f  older needles) (Mctaughl jn  and o thers  
1982). 

Beno i t  and o thers  (1982) s tud ied  t h e  annual r i n g  increment o f  n a t i v e  
eas te rn  wh i t e  p ines  s f  reproducing age t o  eva lua te  t h e  p o s s i b l e  e f f e c t s  o f  
ox i dan t  a i r  p o l l u t i o n  on t h e  long- term growth o f  f o r e s t  species i n  a  reg ion  o f  
t h e  Blue Ridge Mountains o f  V i r g i n i a ,  extending f rom t h e  no r the rn  end o f  
Sklyl ine D r i v e  i n  Shenandoah Nat iona l  Park t o  t h e  southernmod p o r t i o n  o f  t h e  



Blue Ridge Parkway l y i n g  i n  V i r g i n i a .  The t h r e e  wh i t e  p i nes  i n  each s tudy 
p l o t  were c l a s s i f i e d  as s e n s i t i v e ,  in te rmed ia te ,  o r  t o l e r a n t ,  based on a  
f o 1  i a r  r a t i n g  sca le  t h a t  i nco rpo ra ted  needle leng th ,  needle r e t e n t i o n  by 
number o f  years,  and t h e  presence o f  t y p i c a l  ozone symptoms on needles. The 
mean ages o f  ozone-tot e r a n t  , i n te rmed ia te ,  and ozone-sensi ti ve t r e e  c1 asses 
were 53, 52, and 55 years,  r e s p e c t i v e l y .  From ?955 t o  1978, growth i n  mean 
annual r a d i a l  increment f o r  s e n s i t i v e  trees was 25 pe rcen t  l e s s ,  and f o r  
i n t e rmed ia te  t r e e s  15 percen t  l e s s  than  t h a t  o f  t o l e r a n t  t r ees ,  r e s p e c t i v e l y ,  
Only t h e  25 percen t  decrease f o r  ozone-sens i t ive t r e e s ,  however, was s i g n i f i -  
can t  (p = 0.01; t a b l e  14). Smal ler  mean increments i n  t h e  l a s t  10 years 
compared t o  t h e  p rev ious  24 years  i n d i c a t e d  a  t r e n d  toward d e c l i n e  i n  o v e r a l l  
growth r a t e s  i n  a l l  c lasses o f  t r ees .  A comparison o f  growth from 1974 t o  
1978 w i t h  t h a t  f rom 1955 t o  1959 showed decreases o f  26, 37, and 5 1  pe rcen t  
f o r  t o l e r a n t ,  i n te rmed ia te ,  and s e n s i t i v e  t r ees ,  r e s p e c t i v e l y .  

The s i g n i f i c a n t  r educ t i on  i n  r a d i a l  growth o f  ozone-sens i t i ve  wh i t e  p i nes  
was assumed by t h e  authors  (Beno i t  and o thers  1982) t o  be t h e  r e s u l t  o f  
cumulat ive s t r e s s  caused by t h e  reduced pho tosyn the t i c  capac i t y  o f  ox idan t -  
i n j u r e d  t r ees .  T h e i r  assumption was based on t h e  f a c t  t h a t  no s i g n i f i c a n t  
changes i n  seasonal p r e c i p i t a t i o n  had occur red  between t h e  1955-1963 and 
1963-1978 per iods .  I nc reas ing  ozone concent ra t ions ,  t h e r e f o r e ,  cou ld  account 
f o r  growth reduc t ions ,  p a r t i c u l a r l y  s i nce  f o r  t h e  l a t t e r  p e r i o d  t he re  was a 
nega t i ve  c o r r e l a t i o n  between p r e c i p i t a t i o n  and r a d i a l  growth. S u l f u r  d i o x i d e  
concent ra t ions  were t oo  low (undetectab le  t o  30 ppb) t o  have any vege ta t i ona l  
e f f e c t s .  

Duchel le  and o thers  (1982) r epo r ted  t h a t  du r i ng  a  t y p i c a l  ozone season 
concent ra t ions  increased from January through June, s t a b i l i z e d  du r i ng  t h e  
summer months, and then  decreased around October. Dur ing  t h i s  t ime,  ozone 
concent ra t ions  a re  low a t  n i g h t ,  beg in  t o  r i s e  i n  t h e  morning, peak i n  e a r l y  
a f te rnoon,  and then drop again a t  sunset. Episodes i n  t h e  Blue Ridge Mountains 
l a s t i n g  from 1 t o  5  consecut ive days have been repo r ted  by S k e l l y  and o the rs  
(1984) ( t a b l e  15). Mon i t o r i ng  o f  ozone i n d i c a t e d  t h e  presence o f  monthly 
average concent ra t ions  o f  50 t o  60 ppb on a  r e c u r r i n g  bas i s  w i t h  ep i sod i c  
peaks (1-hour) f r e q u e n t l y  i n  excess o f  90 ppb (Duchel le  and o thers  1982). 

E a r l i e r ,  Hayes and S k e l l y  (1977) suggested t h a t  t h e  episodes i n  t h e  area 
r e s u l t e d  from long-range t r a n s p o r t  o f  ozone from urban areas. Th is  suggest ion 
was supported by Fankhauser (1976), whose observa t ions  i n d i c a t e d  t h a t  ozone 
was t r anspo r ted  i n  a  g i a n t  loop  s t r e k h i n g  from New York City, Ph i l ade lph ia ,  
Ba l t imo re  and Washington, DC, though West V i r g i n i a  and Ohio and then  back t o  
t h e  Wheeling, WV-Pittsburgh, PA, area. Ozone was observed t o  f o l l o w  t h i s  p a t h  
f o r  4 t o  5 days i n  September 1972. E a r l i e r ,  i n  Nay 1972, another  ins tance  o f  
ozone t r a n s p o r t  had been observed when a s tagnant  "h igh"  and a slow-moving 
"l ow'' t r anspo r ted  a i r  from Chicago and P i t t s b u r g h  areas southward a1 ong t h e  
Appalachian Mountains do the G u l f  o f  Mexico and then back Lo Miami, F L .  

The experiments o f  Duchel le  and o the rs  (1982, 1983) exposing n a t i v e  t r e e  
seedl ings and n a t i v e  vege ta t i on  i n  t h e  B i g  Meadows area o f  the  Shenandoah 
Nat iona l  Park i n  t h e  Blue Ridge Mountains o f  V i r g i n i a  t o  ambient ozone, i n d i -  
c a t e  t h a t  ambient concen t ra t ions  can reduce bo th  t h e  growth o f  n a t i v e  t r e e s  
o t h e r  than eas te rn  wh i t e  p i n e  and t h e  p r o d u c t i v i t y  o f  t h e  n a t i v e  herbaceous 
vege ta t i on  found growing i n  t h e  f o res ted  areas. 



Table 14. Annual Mean Radia l  Growth Increment,  1955 Through 1 9 7 8 , ~  f o r  

Three Ozone S e n s i t i v i t y  Classess o f  Na t i ve  Eastern White Pines (Pinus s t robus 

L . )  Growing i n  10 P l o t s  o f  Three Trees Each i n  t h e  Blue Ridge Moutains i n  

V i  r g i  n i  a 
(mm) 

P l o t  To1 e r a n t  ~ r e e s ~  In termedi  a t e  Trees S e n s i t i v e  Trees 

a ~ h i t e  p ines  r a t e d  t o l e r a n t ,  i n te rmed ia te ,  o r  s e n s i t i v e  t o  O3 based on 

f o l i a r  symptoms. 

b ~ e n s i  t i v i t y  c lasses w i t h  t h e  same l e t t e r  a re  no t  s i g n i f i c a n t l y  d i f f e r e n t  

a t  p = 0.01 based on Duncan's m u l t i p l e  range t e s t .  

Source: Beno i t  and o the rs  (1982). 

Suppressed growth o f  seven indigenous f o r e s t  t r e e  species was observed 
when seed1 ings  grown i n  open p l o t s  or ambient a i r  open-top chambers were 
compared w i t h  those grown i n  c h a r c o a l - f i l t e r e d  a i r  (Duchel le  and o thers  1982). 
Growth reduc t ions  o f  w i l d - t y p e  seedl ings o f  t u l i p  pop la r ,  green ash, sweet 
gum, b l a c k  1 ocust  (Robin ia  pseudoacacia- L. ), eas te rn  hemlock [(Tsuga canadensi s 
(L. ) C a r .  ) Table Mountain (P inus pungens Lamb. ) ,  V i r g i n i a  (P. v i r g i n i a n a  
M i l  1. ) and p i t c h  (P. M i  11. ) p ines  usual l y  occurred w i  t h & t  express ion 
o f  f o l i a r  symptoms. Open-top chambers were operated con t i nuous l y  i n  1979 from 
May 9 u n t i l  October 9, and i n  1980 from A p r i l  24 u n t i l  September 15. 

I n j u r y  t o  and growth reduc t ions  o f  n a t i v e  herbaceous vege ta t i on  growing 
i n  t h e  B i g  Meadows area a l s o  were observed (Duchel l e  and o thers  1983). Few 
s tud ies  have repo r ted  t h e  e f f e c t s  o f  ambient a i r  p o l l u t a n t s  on growth and 
p r o d u c t i v i t y  o f  n a t i v e  vege ta t ion .  Reduced growth and p r o d u c t i v i t y  o f  
graminoid and f o r b  vege ta t i on  were observed i n  exper iments conducted a t  t h e  
same t ime  and under t h e  same exposure cond i t i ons  as t h e  t r e e  seed l i ng  s tudy 
c i t e d  above. Biomass p roduc t i on  (weight  o f  l i v i n g  t i s s u e )  was g r e a t e s t  i n  
f i l t e r e d  open-top chambers when compared t o  those i n  open-a i r  p l o t s .  To ta l  
3-year cumulat ive d r y  we igh t  o f  p l a n t s  i n  f i l t e r e d  chambers was s i g n i f i c a n t l y  
g r e a t e r  (p = <0.05) than  t h a t  o f  p l a n t s  i n  n o n - f i  1 t e r e d  and open-a i r  p l o t s .  
Reductions i n  biomass were a t t r i b u t e d  t o  a decrease i n  r o o t  growth, a r e s u l t  



Tab le  15. Peak Hour ly  Ozone Concentrat ion i n  Responses Recorded a t  Three 

M o n i t o r i n g  S i t e s  i n  Western V i r g i n i a ,  Spr ing  and Summer, 1979 Through 1982 

Date 
1- h r  O3 concn. , ppb 

B i g  Meadows Rocky Knob Hor ton Center  

1979, A p r i l  11-12 
1979, June 5-6 
1979, September 12 
1980, May 29-30 
1980, June 13-15 
1980, J u l y  14-15 
1980, J u l y  3 1  
1981, May 24 
1981, June 23-23 
1981, June 29-30 
1981, J u l y  8-11 
1982, May 11-13 
1982, May 16-17 
1982, J u l y  24-26 
1982, J u l y  27-28 
1982, August 3-4 
1982, August 19-20 
1982, October 1-3 

a ~ . ~ .  = da ta  n o t  a v a i l a b l e .  

Source: S k e l l y  and o thers  (1984). 

o f  ozone exposure. Common m i  1  kweed ( Asc lep ias s y r i a c a  L.  ) and common 
b lackbe r r y  ( Rubus Po r te r )  were t h e  o n l y  two n a t i v e  species t o  
develop v i s i b l e  i n j u r y .  Milkweed p r e v i o u s l y  had been repo r ted  t o  be s e n s i t i v e  
t o  ozone and a  good b i o l o g i c a l  i n d i c a t o r  (Duchel le  and S k e l l y  1981). 

I n  t h e  i n t r o d u c t i o n  t o  t h i s  s e c t i o n  i t  was p o i n t e d  ou t  t h a t  pe renn ia l  
t r e e s  and shrubs must cope w i t h  t h e  cumulat ive e f f e c t s  o f  bo th  sho r t -  and 
long- term s t resses ,  and t h a t  responses t o  these s t resses  may be s u b t l e  and n o t  
observable f o r  many years.  McLaughlin and o thers  (1982) assoc ia ted  long- term 
(1962-1979) growth reduc t ions  o f  eas te rn  w h i t e  p i n e  w i t h  ambient ozone concen- 
t r a t i o n s  by us ing  da ta  from increment cores. Beno i t  and o thers  (1982) l i k e w i s e  
used increment cores t o  r e l a t e  growth r e d u c t i o n  o f  eas te rn  wh i t e  p i n e  i n  t h e  
B lue  Ridge Mountains d u r i n g  t h e  years  1955 t o  1978 t o  ambient ozone concen- 
t r a t i o n s .  More r e c e n t l y ,  dendroecoloq ica l  s t ud ies  o f  dieback and d e c l i n e  o f  
r e d  spruce ( -- Picea rubens  Sarg. ) i n  t h e  Nor theast  (Johnson and Siccama 1983) 
and o f  reduced arowth r a t e s  o f  r e d  swuce ,  balsam fir (Abies b a l  samea (L. ) 
M i l l . ) ,  and ~ r a i e r  f ir [(A.  f r a s e r i  ( ~ u r s h )  P o i r . ) ]  i n  GKEiGl West ~ i r g i n i a  
and western V i r g i n i a  (Adams and o thers  1985) have p rov ided  f u r t h e r  evidence 
t h a t  growth reduc t i ons  measurable today p robab ly  began a t  l e a s t  20 years ago. 
Cu r ren t l y ,  t h e r e  i s  no agreement as t o  t h e  f a c t o r  o r  f a c t o r s  t h a t  p r e c i p i t a t e d  
t h e  dieback, m o r t a l i t y ,  and d e c l i n e  i n  growth, b u t  m u l t i p l e  s t resses  i n c l u d i n g  
a i r  p o l l u t i o n  have been hypothes ized (Adams and o the rs  1985; Johnson and 
S i  ccama 1983). 



The dendroecolog ica l  s t ud ies  o f  Phipps and Whiton (1988) a l s o  evidence 
t h e  d i  f f i c u l  t y  o f  determi  n i  ng t h e  cause today o f  t r e e  growth responses t h a t  
began many years ago because o f  a  major s t r e s s  o r  s t resses  e x i s t i n g  a t  t h a t  
t ime.  Growth dec l i ne ,  de f i ned  as ac tua l  growth l e s s  than  t h a t  expected, was 
observed i n  40 o f  60 t r e e - r i n g  c o l l e c t i o n s  judged t o  have been una f f ec ted  by 
l o c a l  s i t e  h i s t o r i e s ,  From 89 l o c a t i o n s  throughout  much o f  t h e  range ( f rom 
Connect icut  t o  Nor th  Ca ro l i na  and west t o  ~ o w a )  o f  w h i t e  oak ( a1 ba 
L 1. Onset o f  dec l  i n e  began somewhere between t h e  mid-1950's and t h e  e a r l y  
1 9 6 0 ' ~ ~  and was e s s e n t i a l l y  t h e  same i n  t h e  Nor theast ,  Midwest, and t h e  fou th -  
east .  The chronolog ies s tud ied  were o f  t r ees  t h a t  had reached canopy dominance 
by 1850; some i n d i v i d u a l s  were more than  200 years o l d  a t  t h a t  t ime. A l i n e a r  
growth t r e n d  p r i o r  t o  1950, as determined by examinat ion o f  t h e  basal  area 
index (BAl) ,  was observed i n  these dominant t r ees .  A number o f  t h e  i n d i v i d u a l s  
were cross-dated as hav ing been i n  t h e  canopy be fo re  1600. Stud ies o f  t he  B A I  
o f  these i n d i v i d u a l  s  i n d i c a t e  no depar ture from t h e  observed 1  i near t r e n d  
p r i o r  t o  1950. 

The onset o f  growth dec l i ne ,  though r a t h e r  abrup t ,  d i d  n o t  appear i n  a l l  
t r e e s  a t  t h e  same t ime,  suggest ing t h a t  some t r e e s  were more t o l e r a n t  o f  t he  
s t r e s s  than  o thers .  Some t r e e s  showed no d e c l i n e  a t  a l l .  Changes i n  c l i m a t e  
d i d  n o t  appear t o  mimic growth t rends  except i n  No r th  Ca ro l i na  where a  temper- 
a t u r e  maximum was observed around 1950. Es t imat ions  o f  1  ong-term reg iona l  
s u l f u r  and n i t r o g e n  t rends  vary  f o r  t h e  d i f f e r e n t  reg ions  (Phipps and Whiton 
1988). Trends i n  t h e  Southeast g e n e r a l l y  show a  marked inc rease  i n  s u l f u r  
emissions s ince  1950, and those i n  t h e  Midwest appear t o  have been i nc reas ing  
s ince  t h e  1920 's .  I n  t h e  Nor theast ,  t rends  i n  s u l f u r  emissions have s t a b i -  
l i z e d  o r  decreased somewhat s i nce  t h e  1970 's  w h i l e  n i t r o g e n  emissions have 
increased. Only i n  t h e  Southeast have emission increases c o r r e l a t e d  w i t h  t h e  
d e c l i n e  i n  wh i t e  oak growth; however, t r e e s  t h a t  d i d  n o t  e x h i b i t  a  decrease i n  
growth i n  t h e  1950 's  s t i l l  do n o t  e x h i b i t  a  decrease even though emissions 
have increased. The authors  hypothes ize t h a t  growth dec l  i ne was i n i t i a t e d  
d u r i n g  a  p e r i o d  beg inn ing  i n  t h e  mid-1950's t o  t h e  e a r l y  1960 's  by cond i t i ons  
o r  events as y e t  u n i d e n t i f i e d ,  and t h a t  subsequent growth has n o t  been i n  
response t o  t r e e  age, geographic l o c a t i o n ,  s i t e  q u a l i t y ,  c l i m a t e  t rends ,  o r  
r eg iona l  emissions o f  s u l f u r  and n i t r o g e n  ox ides (Phipps and Whiton 1988). 

Phipps and Whiton (1988) r u l e  o u t  s u l f u r  and n i t r o g e n  emissions as 
i n i t i a t o r s  o f  t h e  growth d e c l i n e  observed i n  wh i t e  oak s i nce  t h e  1950s. 
Could ozone have been an i n i t i a t o r  o f  t h e  dec l i ne?  The authors  do n o t  specu- 
l a t e .  It should be noted, however, t h a t  r e g u l a r  ox idan t -mon i to r ing  s t a t i o n s  
were n o t  es tab l i shed  eas t  o f  t h e  M i s s i s s i p p i  R i ve r  u n t i l  1962 (U.S. Department 
o f  Hea l th ,  Educat ion, and Wel fare 11970). Maximum ox idan t  concen t ra t ions  
recorded between 1964 and 11967 i n d i c a t e  t h a t  C i n c i n n a t i  had 18 days above 
150 ppb and 55 above 100 ppb; P h i l a d e l p h i a  13 days above 150 ppb and 60 above 
100 pph; and WashingLan, D C ,  7 days above 150 ppb and 65 above 100 ppb, Based 
on these data,  ozone concent ra t ions  s u f f i c i e n t  t o  i n j u r e  vege ta t i on  were 
a l ready  p resen t  i n  t h e  &masphere f rom Chicago t o  P h j l a d e l p h i a  and Washington, 
DC, by t h e  middle 1960'5. The observat ions o f  Be r r y  (1961) and Ber ry  and 
R ipper ton  (1963) ment ion ing ox idan t  concen t ra t ions  above 100 ppb d u r i n g  1961 
and 1962 i n  West V i r g i n i a  and No r th  Ca ro l i na  i n d i c a t e  t h a t  t h e  area w i t h  h i gh  
ozone concent ra t ions  a l s o  extended southward. Oxidant  exposure a t  t h i s  t ime 
was j u s t  be ing  es tab l i shed  as a probable cause o f  t h e  f o l i a r  i n j u r y  t h a t  had 
been observed f o r  many years on s e n s i t i v e  eas te rn  wh i t e  p i n e  (Berry  and 
R ipper ton  1963). 



d) Mixtures o f  Gaseous Po l l u tan ts  -- 

The p o s s i b i l i t y  t h a t  exposure t o  mixtures o f  gases could have an e f f e c t  
on vegetat ion greater  than a s i n g l e  gas has been a concern s ince the  1960's. 
A m a j o r i t y  o f  the  s tud ies  conducted s ince t h a t  t i n e  has focused on the  e f f e c t s  
o f  p o l l u t a n t  mixtures on a g r i c u l t u r a l  crops, and the  S02/03 combination has 
received the  greates t  a t t e n t i o n .  

Dochinger and others (1970) suggested t h a t  0 /SO a c t i n g  s y n e r g i s t i c a l l y  
cou ld  cause needle m o t t l i n g  o f  wh i te  pine. ~ a r n o s s y  fi976) observed more than 
a d d i t i v e  e f f e c t s  when he exposed t rembl ing  aspen ( tremuloides Michx.) 
t o  combinations o f  03/S0 He a l so  observed c lona l  v a r i a t i o n  i n  the  response 
o f  the  d i f f e r e n t  clones t% the gas combinations. Clones shown t o  be s e n s i t i v e  
t o  SO o r  O3 alone were more s e n s i t i v e  t o  the  combinations o f  the  two. These 
assesgments were based on l e a f  i n j u r y  r a t h e r  than growth response. Both o f  
t h e  above studies were conducted i n  chambers. 

M i l l e r  an (1984) exposed J e f f r e y  (Pinus Grev. & B a l f , ) ,  
ponderosa ( P. Doug1.e~ Laws), and Digger p i  abiniana Dougl.) 
t o  mixtures?f Shoot growth was not  as s e n s i t i v e  as r o o t  growth. 
Root growth was m6re3affected by 03/S02 i n  combination than by e i t h e r  po l  l u t -  
a n t  a1 one. 

The co-occurrence o f  SO and NO i s  most f requen t l y  measured i n  the  
v i c i n i t y  o f  power p lan ts  (Lehhn  and f ingey  1984). Ambient concentrat ions o f  
NO r a r e l y  approach the  i n j u r y  threshold.  Concern regarding i t s  presence i n  
t h $  atmosphere i s  r e l a t e d  t o  i t s  p o t e n t i a l  f o r  i n t e r a c t i o n  w i t h  other  p o l  l u -  
t a n t s  such as SO as demonstrated by Tingey and others (1971). The m a j o r i t y  o f  
t he  experiments gonducted t o  determine the  e f f e c t s  o f  SO2 + NO2 i n  combination 
have used a g r i  cu l  t u r a l  and h o r t i  cu l  t u r a l  crops. 

I n  England, Whitmore and Freer-Smith (1982) and Freer-Smith (1984) 
observed t h a t  combinations o f  SO + NO a f f e c t e d  c u t t i n g s  o f  a number o f  
B r i t i s h  t r e e  species. Second yea? cuttqngs were exposed t o  SO 
from March through August. The SO combination (62 + 62 
i n t e r a c t i v e  e f f e c t s  r e s u l t i n g  i n  g r  han a d d i t i v e  responses. S i g n i f i c a n t  
reduct ions i n  stem he igh t  and diameter and dry  weight r e s u l t e d  from t h e  
exposures (Whitmore and Freer-Smith 1982). Freer-Smith (1984) a l so  repor ted  
t h a t  decreases i n  growth produced by SO2 + NO2 were greater  than by e i t h e r  
p o l  1 u tan t  a1 one. 

Stone and S k e l l y  (1974) and P h i l l i p s  and others (1977a,b) measured growth 
responses i n  the  f i e l d  t o  emissions from the  Radford Army Ammunition P lan t  i n  
Radford, VA. Both SO and NO2 were present  i n  concentrat ions s u f f i c i e n t  t o  
i n f  1 uence the  growth f wh i te  p ine,  ye l l ow  pop lar ,  and 1 ~ b l o 1 1 y  pines. No 
attempt was made a t  t h i s  t ime t o  see whether the  p o l l u t a n t  combination poten- 
t i a t e d  the  e f f e c t  o f  e i t h e r  p o l l u t a n t  alone; however, synergism was suggested. 

The O and NO combination has been s tud ied  i n f requen t l y .  Kress and 
S k e l l y  (1932) expozed seedl ings o f  10 f o r e s t  t r e e  species t o  O and NO 
concentrat ions o f  100 ppb. The on l y  s i g n i f i c a n t  i n t e r a c t i o n  efdects no&d 
between the  two po l luLants  were l ess  than add i t i ve .  



The growth impact o f  0 , and/or SO2 on lob101 y  p i n e  was s tud ied  by 
Kress and o the rs  (1982). Aidd NO t o  t h e  O3 and SO combinat ion had a  
s l i g h t l y  s t i m u l a t o r y  e f f e c t  o  owl%$ however, t h e  "s  n s i t i v e "  seed l i ng  o f  
t h e  f u l l - s i b  f a m i l y  s u f f e r e d  a  30 percen t  h e i g h t  suppression when exposed t o  
t h e  t h r e e - p o l l u t a n t  combinat ion as compared w i t h  a  14-percent suppression f o r  
t h e  r e s i s t a n t  f am i l y .  

Summary. Evidence t h a t  exposure t o  s u l f u r  ox ides and ozone can decrease 
t h e  growth o f  t r e e s  i s  w e l l  es tab l i shed  by t h e  many exper imental  s t ud ies  t h a t  
have been conducted d u r i n g  t h e  p a s t  20 years.  Evidence a l s o  i s  s t r ong  t h a t  
t h e  growth o f  t r e e s  i n  t h e i r  n a t u r a l  h a b i t a t s  a l s o  can be i n h i b i t e d  by 
exposure t o  these two p o l l u t a n t s .  S u l f u r  d i o x i d e  i n h i b i t s  growth and causes 
d e c l i n e  and m o r t a l i t y  o f  t r e e s  i n  t h e  v i c i n i t y  o f  p o i n t  sources. Ozone a l s o  
i n h i b i t s  growth and causes d e c l i n e  and m o r t a l i t y  i n  areas where ep i sod i c  
concen t ra t ions  ( f r e q u e n t l y  t r anspo r ted  from me t ropo l i t an  areas some m i l es  
away) l a s t  f o r  severa l  days and reach 80 ppb o r  h igher .  Data i n d i c a t i n g  
n i t r o g e n  ox ide i n j u r y  o f  t r e e s  growing i n  t h e i r  n a t u r a l  h a b i t a t s  a re  l ack ing .  
The concent ra t ions  used t o  cause i n j u r y  expe r imen ta l l y  have n o t  been observed 
i n  t h e  f i e l d .  

One o f  t h e  b i g g e s t  problems f a c i n g  s c i e n t i s t s  a t  t h e  p resen t  t ime i s  
de te rmin ing  what s t r e s s  o r  s t r esso rs  p r e c i p i t a t e d  t r e e  i n j u r y  o r  growth 
responses v i s i b l e  o r  measurable today when t h e  exposure took  p l ace  a  number o f  
years ago. A lso,  though s u l f u r  d i o x i d e  and ozone do i n h i b i t  t r e e  growth, t h e  
exac t  manner i n  which t hey  a l t e r  t r e e  b iochemis t ry  i s  as y e t  unknown, and as 
y e t  i t  i s  n o t  p o s s i b l e  t o  e s t a b l i s h  an exposure-response r e l a t i o n s h i p .  

4.4 What i s  t h e  L i k e l i h o o d  That A i rborne  Chemical P o l l u t a n t s  A f f e c t  Fores t  
Ecosystems Through Soi l -Mediated Response Mechanisms? 
S o i l s  a re  one o f  t h e  most s t a b l e  components o f  ecosystems, and toge ther  

w i t h  c l i m a t e  determine t h e  l i m i t s  o f  ecosystem p r o d u c t i v i t y .  S o i l s  a re  a  
m ix tu re  o f  i no rgan i c  m inera ls ,  o rgan ic  mat te r ,  s o i l  animals,  microorganisms, 
gases, and water.  They f u n c t i o n  as t h e  anchor f o r  most t e r r e s t r i a l  and many 
aqua t i c  p l a n t s .  They p rov ide  and s t o r e  water ,  n u t r i e n t s ,  and oxygen needed by 
p l a n t  r o o t s  f o r  growth. Chemical t rans fo rmat ions  and animal and micro- 
organi  smal a c t i v i t y  w i t h i n  s o i  1  s  i n f  1  uence t h e  ava i  1  ab i  1  i t y  o f  n u t r i e n t s  t o  
p l a n t s .  Should a i r bo rne  chemical p o l  1  u t a n t s  i n h i b i t  o r  a1 t e r  chemical 
processes, o r  i n f l u e n c e  animal and/or microorganismal behavior  i n  s o i l s ,  t h e  
growth o f  t h e  above-ground f l o r a  cou ld  be impacted. 

Exposure o f  p l a n t s  t o  a i r bo rne  gases, f i n e  aerosols ,  o r  coarse p a r t i c l e s  
through t h e  s o i l  i s  i n d i r e c t .  To have an e f f e c t ,  these chemical compounds 
must i n  some way i n f l u e n c e  t h e  movement o r  uptake o f  p l a n t  n u t r i e n t s .  Four 
separate processes a re  i nvo l ved  i n  exposure: 1) depos i t i on ,  2) d i s s o l u t i o n  
i n t o  s o i l  water ,  3) p e r c o l a t i o n  o r  d i f f u s i o n  through t h e  s o i l ,  and 4) absorp- 
t i o n  from t h e  s o i l  through t h e  sur faces o f  f i n e  feeder  r o o t s  and mycorrhizae. 
Many b i o t i c ,  phys i ca l  and chemical f a c t o r s  i n f l u e n c e  these processes. 

The general  consensus o f  most i n v e s t i g a t o r s  a t  t h e  p resen t  t ime i s  t h a t  
t h e r e  a re  no apparent d r a s t i c  o r  p o t e n t i a l l y  ca tas t roph i c  shor t - te rm e f f e c t s  
f rom t h e  atmospheric depos i t i on  o f  ambient gaseous a i r  p o l l u t a n t s  on s o i l s .  
There i s  a  l a c k  o f  i n f o rma t i on ,  however, concern ing e i t h e r  temporary o r  



permanent e f f e c t s  o f  long-term p o l l u t a n t  exposures on s o i l s  (Weidensaul and 
McClenahen 1986). Most o f  t he  a v a i l a b l e  i n fo rma t ion  concerning p o l l u t a n t -  
s o i l  i n t e r a c t i o n s  deals w i t h  s o i l s  as a  s ink.  For t h i s  reason, the  e f h c t s  
o f  depos i t ion  and f a t e  o f  gaseous a i rborne chemical p o l l u t a n t s  on so i  1s are  
discussed i n  a  very general manner. 

The e f f e c t s  o f  a c i d i c  depos i t ion  on s o i l  are o f  g rea tes t  concern. A 
number o f  pub l i ca t i ons  have reviewed t h i s  t o p i c  ( A l t s h u l l e r  and L i n t h u r s t  
1984; Bennett and others 1985; B ink ley  and others 1987; Brandt 1987). These 
pub l i ca t i ons  discuss i n  some d e t a i l  t he  poss ib le  impact on s o i l s  o f  a c i d i c  
depos i t ion  and t h e  r e s u l t i n g  e f f e c t s  on vegeta t ion  changes. The f o l  lowing 
sec t i on  deals w i t h  t h e  r e l a t i v e  l i k e l i h o o d  o f  some o f  the  major hypothet ica l  
mechanisms by which s o i l  changes cou ld  a f f e c t  f o r e s t  p lan ts .  

4.4.1 Airborne Gases, F ine Aerosols, and Coarse P a r t i c f e s  
S o i l s  genera l l y  sorb organic gases f a s t e r  and i n  g reater  amounts as t h e i r  

molecular weights increase. Absorpt ion ra tes  a l  so increase when func t i ona l  
groups such as n i t rogen,  oxygen, and s u l f u r  a re  at tached t o  t h e  organic gases. 
Uptake o f  organic gases usua l l y  depends on t h e  development o f  an appropr ia te  
microorganismal populat ion,  w h i l e  removal o f  inorgan ic  gases i s  a t t r i b u t e d  t o  
chemical and/or phys ica l  processes (Bohn 1972). 

Most gaseous SO i s  removed by s o i l  w i t h i n  15 minutes, b u t  the  same 
amount o f  NO requ i r zs  approximately 24 hours. The so rp t i on  r a t e  f o r  each o f  
t h e  compound$ i s  s i m i l a r  i n  s t e r i l e  and nonster i  l e  so i  l s ,  suggest ing t h a t  most 

and NO i s  removed by some chemical reac t i on  (Abeles and others 1971). 
magnitzde o f  SO2 and NO so rp t i on  i s  in f luenced by s o i l  type. S o i l s  no t  

on l y  sorb NO gases, b u t  a1 o  re lease n i t rogen  gases such as N2, N20, O, NO, 
and some ~0~ ' L i a  chemical reac t ions  (Bohn 1972). 

N i t r a t e s  and s u l f a t e s  d i f f u s e  r a p i d l y  i n t o  the  s o i l .  Length o f  n i t r a t e  
r e t e n t i o n  depends on t h e i r  a s s i m i l a t i o n  by p l 2 n t s  and microorganisms, as they 
are  r e a d i l y  leached. The ammonium i o n  (NH4 ) i s  f requen t l y  attached t o  
n i t r a t e s  o r  su l f a tes .  N i t r a t e s ,  su l f a tes ,  and ammonium when i n  i o n i c  form i n  
the  s o i l  are r e a d i l y  - taken up by t r e e  roo ts  (Donahue and others 1977). 
Retent ion o f  SO depends on s o i l  pH and the  presence o f  hydrous oxides, i r o n ,  
and aluminum (~%rahamsen and Dol l a r d  1979). Ac id i c  n i t r a t e s  and s u l f a t e s  as 
aerosols o r  i n  r a i n  tend t o  a c i d i f y  s o i l .  The n u t r i e n t  r o l e s  o f  s u l f u r  and 
n i t rogen  are mentioned i n  sec t i on  4.3.1; the  e f f e c t s  r e s u l t i n g  from depos i t ion  
i n  a c i d  aerosols are discussed below. 

S o i l s  have developed a  n u t r i e n t  capac i ty  dur ing  t h e i r  format ion from 
parent  ma te r i a l s  over t ime. Trees and o ther  vegeta t ion  growing on these s o i l s  
are adapted t o  them. Forests, there fore ,  are no t  n u t r i e n t  l i m i t e d ,  except f o r  
a  lumberman's p o i n t  o f  view. Today, as a  r e s u l t  o f  atmospheric p o l l u t i o n  many 
coni ferous f o r e s t  s o i l s  are r e c e i v i n g  n i t rogen  i n  excess o f  the  growth requ i re -  
ments o f  the  t rees.  Appearance o f  n i t r a t e  i n  the  s o i l  s o l u t i o n  i s  an e a r l y  
symptom o f  excess n i t rogen  i n  these systems. A second symptom, because o f  t he  
i n a b i l i t y  o f  roo ts  o f  the  densely growing con i fe rs  t o  metabol ize l a rge  amounts 
o f  n i t r a t e ,  i s  the  presence o f  n i t r a t e  i n  the  xylem sap (Waring 1987). 

Ni t rogen uptake by t rees  may n o t  necessar i l y  enhance growth, p a r t i c u l a r l y  
i n  boreal and subalpine con i fe rs .  The photosynthet ic  capac i ty  o f  c o n i f e r  



f o l i a g e  i s  low and n o t  g r e a t l y  enhanced by i nc reas ing  t h e  n i t r o g e n  content .  
I n  a d d i t i o n ,  excess n i t r o g e n  n o t  o n l y  a l t e r s  t h e  way i n  which carbon i s  
a l l o c a t e d  between shoots and r o o t s ,  b u t  a l s o  i s  i n  a  form d i f f i c u l t  t o  metabo- 
1  i z e ,  and increases s e n s i t i v i t y  t o  f r o s t .  The capac i t y  o f  gymnosperms i n  
genera l ,  and borea l  and subalp ine species i n  p a r t i c u l a r ,  t o  synthes ize t h e  
enzymes r e q u i r e d  t o  reduce n i t r a t e  i n  f o l i a g e  o r  r o o t s  appears t o  be l i m i t e d .  
A reduced a l l o c a t i o n  o f  carbohydrates t o  t h e  r o o t s  i s  assoc ia ted  w i t h  t h e  
accumulat ion o f  amino ac ids  i n  f o l i a g e  (Waring 1987). 

Excess n i t r o g e n  i n  subalp ine o r  borea l  ecosystems i s  1  i k e l y  t o  cause 
n u t r i e n t  imbalances and make c o n i f e r s  more suscep t i b l e  t o  drought,  o the r  
p o l l u t a n t s ,  and pathogens. Compet i t ion under these circumstances would f a v o r  
deciduous species (Waring 1987). Whether n i t r a t e  d e p o s i t i o n  i n  t h e  South- 
eas te rn  Un i t ed  S ta tes  i s  capable o f  caus ing t h e  phenomena presented above has 
n o t  been assessed a t  t h i s  t ime.  

4.4.2 A c i d i c  Depos i t ion  
A c i d i f i c a t i o n  can s t r o n g l y  i n f l u e n c e  s o i l  dynamics by a l t e r i n g  t h e  s o i l ' s  

b i o l o g i c a l ,  chemical ,  and phys i ca l  behavior .  Changes i n  s o i l  s t r u c t u r e ,  s o i l  
ae ra t i on ,  water  s t a t u s ,  and t h e  environment o f  s o i l  organisms can, i n  t u r n ,  
i n f l u e n c e  t h e  ava i  l a b i l  i t y  o f  n u t r i e n t s  and t o x i c  substances. Soi 1  a c i d i f i -  
c a t i o n  can r e s u l t  f rom n a t u r a l  sources o f  hydrogen i o n  i n  s o i l s  as w e l l  as 
f rom t h e  atmospheric depos i t i on  o f  a c i d i f y i n g  substances (Brandt 1987). 
S u l f a t e  and n i t r a t e  d e p o s i t i o n  a re  expected t o  have a  g r e a t e r  i n f l u e n c e  on 
most s o i l s  than  hydrogen i o n  d e p o s i t i o n  (Bennett  and o the rs  1985). I f  t h e  
s u l f a t e  and n i t r a t e  i n  a c i d i c  d e p o s i t i o n  a re  n o t  a s s i m i l a t e d  by p l a n t s  and 
microorganisms, t h e  a d d i t i o n  o f  t h e  hydrogen i o n  cou ld  inc rease  s o i l  a c i d i t y  
and lower  s o i  1  pH (B ink ley  and o thers  1989). 

E f f e c t s  o f  s o i l  a c i d i f i c a t i o n  i n  general  may be o u t l i n e d  as f o l l o w s  
(Brandt  1987) : 

* Na tu ra l  s o i l  development i n  humid reg ions  i nc l udes  base leach- 
i n g  and a c i d i f i c a t i o n .  A c i d i c  p r e c i p i t a t i o n  can i n t e n s i f y  
these processes; 

* The e x t e n t  t o  which s o i l s  can be a c i d i f i e d  depends on t h e  
i n i t i a l  pH and b u f f e r i n g  capac i t y  o f  t h e  s o i l s .  S o i l s  
n a t u r a l l y  low i n  bas i c  ca t i ons ,  w i t h  low pH and l i m i t e d  c a t i o n  
exchange capac i t y ,  may be p a r t i c u l a r l y  s e n s i t i v e ;  

. Soi 1  a c i d i f i c a t i o n  i s  de t r imen ta l  t o  many m i c r o b i o l g i c a l  
processes i n  s o i l s ,  f o r  example t h e  m i n e r a l i z a t i o n  and 
humi f i c a t i o n  o f  o rgan ic  mat te r  and t h e  mobi 1  i z a t i o n  and f i x a -  
t i o n  o f  n u t r i e n t s  and t o x i c  substances (e.g., t o x i c  m e t a l l i c  i o n  
concent ra t ions)  ; 

* Use o f  f e r t i l i z e r s ,  e s p e c i a l l y  n i t r o g e n  f e r t i l i z e r s  w i t h  
p h y s i o l o g i c a l  a c i d i c  r eac t i ons ,  as w e l l  as o t h e r  c u l t i v a t i o n  
and land-use p r a c t i c e s  can inc rease  s o i l  a c i d i f i c a t i o n .  



The soi l  factors mast l ikely t o  be affected by acidic deposition are  
(1) an increase i n  sol ubil i  t y  of toxic metals such as aluminum and manganese 
so tha t  they a f f ec t  roots or mycorrhizae; ( 2 )  an a l te ra t ion  of nutrient supply 
through leaching or by a l te r ing  microbial populations or  processes ( tox ic i ty  
of mycorrhizae due to  increased ni t rogen has been postula-ted); and ( 3 )  a 
reduction in the so lubi l i ty  of phosphorus and molybdenum. Acidic deposition 
can increase natural  acidif icat ion processes; however, a t  current levels the 
contributions are cansidered t o  be minor; (A1"cshu'ller and Linthurst 1984; 
Binkley and others 1987). The likelihood of increased acidification of s o i l s  
occurring i s  discussed in the paragraphs t h a t  follow. 

Soi l  acidif icat ion i s  the primary condition control l  ing metal mobi l  iza- 
t ion.  Acid so i l s  often contain increased concentrations of aluminum in the 
so i l  solution. A substantial body o f  knowledge has accumulated over the years 
concerning the toxici ty  of aluminum to  agricultural  crops. Many plants are  
unable t o  to1  e ra te  high al umi num concentrati ons because they impair root 
ac t iv i ty .  Excess aluminum in highly acid so i l s  causes root necrosis and 
reduced root growth; these in turn increase plant suscept ibi l i ty  to  moisture 
and/or nutrient s t r e s s  (Black 1968; Foy and others 1978; Schier 1985). Many 
t r e e  species, however, grow on very acidic so i l s  and appear t o  to le ra te  the 
high aluminum concentrations i n  soi 1 solutions. Forest soi l  s are commonly 
acid  with pH values o f  3.5 t o  5.5. Tree species may become intolerant i f  high 
aluminum t o  nutrient ra t ios  l imit  roo t  uptake of calcium and magnesium and 
create a nutrient deficiency (Bi n k l  ey and others 1989). 

Shortl e and Smith (1988) at t r ibuted al umi num-i nduced cal ci  um deficiency 
syndrome in declining red spruce to  res t r ic ted calcium uptake by t rees  growing 
in highly acid so i l s .  Though soluble aluminum in high concentrations i s  toxic 
t o  the roots of a wide range of agricultural  and Parest plants,  there are  
healthy stands of t rees  on so i l s  of similar acidi ty  and with similar aluminum 
concentrations b o t h  in the soi l  and f ine roots. In addition to  tox ic i ty ,  
aluminum interferes  with calcium uptake by f ine roots when the soluble ions 
are  in equimolar concentrations. Shortle and Smith propose tha t  inhibit ion of 
calcium uptake causes decline i n  cambial growth and a loss of crown in mature 
red spruce. 

The demand for  calcium per unit area of cambium surface i s  essent ia l ly  
constant and the surface area expands exponentially as mature t rees  add 
secondavy xylem. Restricted uptake of calcium suppresses cambial growth, and 
a decrease i n  the widths o f  annual r i ngs  ~ e s u l t s .  This reduces t h e  amount of 
functioning sapwood s ince  the older sapwood i s  continuously transformed i n t o  
heartwood. Both decl i n i n g  and heal thy t rees  have the same number o f  annual 
r ings,  b u t  i n  healthy t rees  the rings are wider .  Trees become susceptible t o  
death from secondary pathogens and insects when the amount of sapwood forms 
less  than 25 percent of the cross-sectional area. Crown density and associated 
leaf mass and area are posit ively correlated w i t h  the cross-sectional area of 
sapwood- As the ecress-sections1 area of sapwood decreases, crown densfty 
a l s o  would be expected to  decrease (Shortle and Smith 1988). 

A comparison by Shortle and Smith (1988) o f  t rees  growing on M t .  Abraham, 
VT, where more than half the canopy spruce are dead,  w i t h  trees growing near 
Beddi ngton,  ME, where canopy spruce are uni formly heal thy, supports t h e i  r  
theory of aluminum-to-calcium imbalance. The humus layer  f o r  a1 l stands 



i n v e s t i g a t e d  had a  pH o f  3.2 t o  4.6. E q u i l i b r i u m  s o i l  s o l u t i o n  ana l ys i s  
i n d i c a t e d  t h a t  t h e  aluminum-to-calcium r a t i o  was g r e a t e r  than  1 on Nt .  Abraham 
and was s i g n i f i c a n t l y  h i ghe r  than  i n  t h e  s o i l  s o l u t i o n  from Beddington. 
Spruce t r e e s  a t  h i g h  e l eva t i ons  on Mt. Abraham (1000 m) have been most 
a f f e c t e d  because t h e  aluminum-to-calcium r a t i o  i s  g r e a t e r  than  I i n  bo th  humus 
and subso i l ,  and l i m i t s  ca lc ium supply.  Continued i n p u t  o f  s u l f u r  and 
n i t r o g e n  anions w i l l  i nc rease  t h e  amounts o f  aluminum i n  s o l u t i o n ,  and t h e  
increased aluminum w i l l  reduce ca lc ium uptake. Aluminum t o x i c i t y  i s  n o t  t h e  
problem under these circumstances (Sho r t l e  and Smith 1988). 

A t  p resen t  i t  i s  n o t  known whether a c i d i c  depos i t i on  i s  i nduc ing  n u t r i e n t  
l each ing  i n  t h e  f o r e s t  s o i l s  o f  eas te rn  No r th  America because: a) t h e  n u t r i -  
e n t  s t a t u s  o f  eas te rn  f o r e s t s  i s  n o t  cha rac te r i zed  w e l l  enough t o  make such a  
de te rmina t ion ,  and b) i n  cases where n u t r i e n t  l each ing  i s  occu r r i ng ,  i t  i s  n o t  
known whether t h e  amounts be ing  leached a re  g rea te r  than  would be expected i n  
t h e  absence o f  ambient a c i d i c  depos i t ion .  Turner and o thers  (1986) est imated 
t h a t  base-cat ion l each ing  would r e s u l t  i n  growth reduc t ions  i n  5 1  percen t  o f  
f o r e s t e d  s o i l s  i n  t h e  Southeast. The Piedmont and Coastal  P l a i n  were judged 
t o  have t h e  l a r g e s t  p r o p o r t i o n  o f  areas s e n s i t i v e  t o  a c i d i c  depos i t i on  (Turner 
and o the rs  1986). Some have quest ioned t h e  da ta  used t o  e s t a b l i s h  s e n s i t i v i t y  
by Turner and assoc ia tes.  B i n k l e y  and o thers  (1989), however, s t a t e  t h a t  t h e  
da ta  base used by Turner and co-workers i s  p robab ly  t h e  "most ex tens ive  and 
qua1 i t y -assured"  a v a i l a b l e .  

Turner and o thers  (1986) est imated t h a t  i t  would take  approx imate ly  
30 years  a t  c u r r e n t  r a t e s  o f  a c i d i c  d e p o s i t i o n  t o  decrease s o i l  base satura-  
t i o n  o f  t h e  most s e n s i t i v e  f o r e s t  s o i l s  f rom 60 t o  40 percent ,  and 80 years 
from 60 t o  25 percent .  Replenishment o f  base ca t i ons  by d e p o s i t i o n  was no t  
considered. 

Tabatabai (1985) p r e d i c t s  t h a t  a t  c u r r e n t  r a t e s  n u t r i e n t  l each ing  induced 
by atmospheric depos i t i on  i s  u n l i k e l y  i n  most eas te rn  s o i l s  because: (1) s u l -  
f a t e  adso rp t i on  c a p a c i t i e s  a re  r e l a t i v e l y  l a rge ;  (2) c a t i o n  exchange c a p a c i t i e s  
a re  l a r g e ;  (3) most f o r e s t s  a re  n i t r o g e n  1  i m i t e d  and most n i t r a t e  w i l l  be 
taken up by f o r e s t  vege ta t ion ;  and (4) s o i l  base ca t i ons  a re  be ing  rep len ished  
by atmospheric depos i t i on  and m i  ne ra l  weather i  ng. 

F i e l d  s tud ies  o f  base c a t i o n  and an ion  l each ing  i n  eas te rn  f o r e s t s  
i n d i c a t e  t h a t  t h e  amounts o f  these ions  a re  i n s i g n i f i c a n t  i n  s o i l  l eacha te  o f  
most f o r e s t  watersheds s tud ied  (Walker Branch and Camp Branch, TN; Hubbard 
Brook, NH; and Hunt ing ton  Fores t ,  NY) (Bormann 1979; Johnson 1983; Johnson 
and o the rs  1985a; Johnson and o thers  1985b; M o l l i t o r  and Raynal 1982). 

B i n k l e y  and o thers  (1989) r e p o r t  t h a t  t o  date,  f o r e s t s  i n  t h e  South have 
responded most s t r o n g l y  t o  a d d i t i o n s  o f  phosphorus and n i t r ogen ,  p robab ly  
because growth o f  most f o r e s t  stands i n  t h e  South i s  phosphorus and n i t r o g e n  
l i m i t e d .  There i s ,  however, some evidence t h a t  d e f i c i e n c i e s  i n  o t h e r  elements 
have a l s o  1  i m i t e d  growth. Data on phosphate and molybdenum a v a i l a b i l i t y  i n  
a c i d i f i e d  s o i l s  a re  l i m i t e d ;  however, molybdenum d e f i c i e n c y  i n  southern 
f o r e s t s  has n o t  been repor ted .  Potassium d e f i c i e n c i e s  may be common on sandy 
s o i l s .  



Though s o i l  a c i d i f i c a t i o n  does a f f e c t  many b i o l o g i c a l  processes, a t  
p resen t  i t  i s  d i f f i c u l t  t o  d i s t i n g u i s h  between d i r e c t  e f f e c t s  o f  a c i d i f i c a t i o n  
and secondary e f f e c t s  r e s u l t i n g  from ac id- induced changes i n  t h e  s o i l  so lu -  
t i o n ,  Impor tan t  e f f e c t s  under f i e l d  cond i t i ons  have n o t  been demonstrated 
(A1 t s h u l  l e r  and L i n t h u r s t  1984). The p o s s i b l e  e f f e c t s  o f  n i t r o g e n  t o x i c i t y  
t o  mycorrhizae have been reviewed (C l i ne  and o the rs  19887). The authors  
concluded t h a t  a t  t h e  c u r r e n t  r a t e  o f  n i t r o g e n  depos i t i on  i n  t h e  southeastern 
Un i t ed  States,  n i t r o g e n  i s  no t  t o x i c  t o  mycorrhizae. 

.--The consensus o f  most i n v e s t i g a t o r s  a t  t h e  p resen t  t ime i s  t h a t  
no apparent d r a s t i c  o r  p o t e n t i a l l y  ca tas t roph i c  shor t - te rm e f f e c t s  r e s u l t  f rom 
t h e  atmospheric d e p o s i t i o n  o f  gaseous a i r  p o l l u t a n t  chemicals on s o i l s .  I n  
genera l ,  t he  long- term e f f e c t s  a re  unknown. Concern e x i s t s  c h i e f l y  f o r  t h e  
p o s s i b l e  long- term e f f e c t s  o f  a c i d i c  depos i t i on .  Most s tud ies  have emphasized 
changes i n  s o i l  pH r e s u l t i n g  f r o m  depos i t i on  o f  a c i d i c  o r  a c i d i f y i n g  
substances. Depos i t ion  o f  s u l f a t e  and n i t r a t e  may pose a  g rea te r  problem. 

Data suggest t h a t  n i t r o g e n  i n  excess o f  t h e  amounts r e q u i r e d  f o r  growth 
o f  t r e e s  i s  accumulat ing i n  con i f e rous  f o r e s t s .  Appearance o f  n i t r a t e  i n  t h e  
s o i l  s o l u t i o n  and i n  t h e  xylem sap o f  c o n i f e r s  a re  symptoms o f  t h i s  problem. 
N i t r a t e  appears i n  t h e  xylem sap because t h e  r o o t s  o f  densely growing c o n i f e r s  
a re  unable t o  metabol ize l a r g e  amounts. I n  a d d i t i o n ,  excess n i t r o g e n  i n  
f o l i a g e  o f  borea l  and subalp ine c o n i f e r s  does n o t  enhance photosynthes is .  It 
n o t  o n l y  a l t e r s  t h e  manner i n  which carbon i s  a l l o c a t e d  between shoots and 
r o o t s  b u t  a l s o  p rov ides  n i t r o g e n  i n  a  form d i f f i c u l t  t o  metabol ize and one 
t h a t  increases s e n s i t i v i t y  t o  f r o s t .  Resu l t i ng  n u t r i e n t  imbalances are l i k e l y  
t o  make c o n i f e r s  more suscep t i b l e  t o  drought ,  o the r  p o l l u t a n t s ,  and pathogens. 
Compet i t ion under these circumstances favors  deciduous species.  

S o i l  a c i d i f i c a t i o n  i s  t h e  p r imary  c o n d i t i o n  c o n t r o l l i n g  metal  mob i l i za -  
t i o n .  An increase i n  t h e  concent ra t ions  o f  meta ls  such as aluminum and 
manganese t o x i c  t o  r o o t s  and mycorrhizae o f  has been p o s t u l a t e d  as a  p o s s i b l e  
r e s u l t  o f  a c i d i c  depos i t i on .  Whi le  many p l a n t s  a re  s e n s i t i v e  t o  h i gh  aluminum 
concent ra t ions  i n  s o i l  s o l u t i o n s ,  hea l t hy  stands o f  t r e e s  do grow on ve ry  
a c i d i c  s o i l s  (pH 3 .5  t o  5 .5)  and appear t o  t o l e r a t e  t h e  h i gh  aluminum concen- 
t r a t i o n s .  Aluminum, on t h e  o t h e r  hand, a l s o  i n t e r f e r e s  w i t h  ca lc ium uptake by  
f i n e  r o o t s  when s o l u b l e  i ons  a re  i n  equimolar concen t ra t ions .  Calcium 
d e f i c i e n c y  r e s u l t s  i n  reduced cambial growth, reduced fo rmat ion  o f  new sapwood, 
and a  decrease i n  f u n c t i o n i n g  sapwood as t h e  o l d e r  sapwood i s  t ransformed i n t o  
heartwood. Both d e c l i n i n g  and hea l t hy  t r e e s  have t h e  same number o f  annual 
r i n g s ,  b u t  i n  hea l t hy  t r e e s  t h e  r i n g s  a re  wider ,  When sapwood forms l e s s  than  
25 percen t  o f  t h e  c ross -sec t i ona l  area, t r e e s  become suscep t i b l e  t o  death from 
secondary pathogens and i nsec t s .  

A t  t h e  p resen t  t ime t h e  e f f e c t s  o f  a c i d i c  d e p o s i t i o n  on n u t r i e n t  l each ing  
a re  no t  known. Tabatabai (1985) p r e d i c t s  t h a t  a t  t h e  c u r r e n t  r a t e s  atmospheric 
d e p o s i t i o n  i s  u n l i k e l y  t o  induce n u t r i e n t  l each ing  i n  most eas te rn  s o i l s .  
F i e l d  s tud ies  o f  base c a t i o n  and an ion leach ing  i n  eas te rn  f o r e s t  suggest t h a t  
t h e  amounts o f  these i ons  i n  s o i l  leachates f o r  most f o r e s t  watersheds a r e  
i n s i g n i f i c a n t .  

Current  da ta  suggest t h a t  t h e  f o r e s t s  i n  t h e  South have responded most 
s t r o n g l y  t o  a d d i t i o n s  o f  phosphorus and n i t r ogen .  There i s ,  however, some 
evidence t h a t  o t h e r  n u t r i e n t s  have a l s o  l i m i t e d  growth. Aqueous aluminum may 





which can be either severe episodic stresses (1 day t o  a week of acute h i g h  
exposures) o r  long-term chronic stresses, are superimposed upon the naturally 
occurring stresses already being encountered by the trees. They may accelerate 
the processes o f  change already under way. The e f f e c t s  o f  the natural 
stresses upon ecosystems, unless they are catastrophic (e .g . ,  f i r e ,  f lood,  o r  
windstorm), are frequently d i f f i c u l t  to determine. 

Causation f o r  ecosystem breakdown in eastern North America has been 
definitely established only around point sources o f  pollution. Emissions of 

from smelters and an i ron  sintering p l a n t  resulted i n  trees and shrubs  
ng eliminated from the v i c i n i t y  o f  Copper Hill Basin near Ducktown, TN 

(Hedgcock 19141, and from around Wawa and Sudbury,  Ontario,  Canada (Gordon 
and Gorham 1963; Linzon 1978). The pollutant dosage i n  the above situations 
was catastrophic, resulting i n  long-term in jury  t o  the ecosystems. 

Responses o f  forest  communities o r  ecosystems t o  catastrophic or acute 
disturbances are, as a rule ,  readily observable and measurable. Catastrophic 
disturbances cause mature forests t o  be returned t o  an earlier successional 
stage. During normal succession i n  unpo l lu ted  atmospheres, t h e  number of 
species i n  a community usually increases. Productivity, biomass, community 
height ,  and structural complexity also increase. S t r e s s  a l t e r s  svccessicn and 
diverts energy from growth and reproduction t o  maintenance. Biomass accumula- 
t i o n  and p roduc t ion  decrease and there i s  a reduction i n  structural  complexity, 
species divers i ty ,  environmental mod i f i ca t i on ,  and nutrient control .  Succes- 
sion reverts t o  an e a r l i e r  stage. 

The responses o f  forest  ecosystems t o  a i r  p o l l u t i o n  are integrated 
responses because the  a i r  pollution stress i s  superimposed upon and interacts 
with the  mult ip le  stresses the component species are already experiencing. 
The composition and successional stage of f o r e s t s  are determined by the k ind ,  
frequency, and magnitude of d i s t u r b a n c e  ( t ab le  16) (Kozlowski 1985). 

S tudies  o f  r a d i a t i o n  effects  (Woodwell 1970) and data  from a i r  pollution 
e f f e c t s  around strong p o i n t  sources (see above), as we1 l as s t u d i e s  and 
observations of  ozone effects on natural ecosystems such as t he  San Bernardino 
Forest, suggest t h a t  fo res t  ecosystems respond t o  increasing a i r  pollution 
stresses i n  a predictable pattern t h a t  may be thought o f  as a continuum o f  
responses (tab1 e 16) (Bormann 1985; Guderi an and Kueppers 1980 ; Kozl ows k i  
1985; Smith 1981; Woodwell 1970). Circumstantial evidence f o r  forest change 
may be obtained by comparing f i e l d  data gleaned from studies of ambient 
pollution effects on individual trees, surveys t o  determine v i s i b l e  i n ju ry  
symptoms on forest  trees and vegetation i n  the f i e l d ,  and studies o f  so i l  
changes w i t h  the  continuum o f  responses ( tab le  16)  o f  Bormann (1985). 

The responses o f  decline and dieback seen a t  the present time i n  eastern 
North America are the result  o f  chronic stresses. Responses o f  forest 
ecosystems t o  chronic stresses are d i f f u s e  and, therefore, less readily observed 
and measured. Sub t l e  and indirect  e f f e c t s  of p o l l u t a n t  dosages on individual 
trees and other perennial species are cumulative. Sensitive annual species 
respond dur ing  the year they are exposed. Cumulative pollutant stress provides 
a selective force t h a t  eliminates those species tha t  lack the genet ic  diversity 
t o  survive, suppresses some genotypes, and favors others. The d i s t r i b u t i o n  o f  
a species and the productivity o f  an ecosystem bo th  depend upon the success o r  



f a i l u r e  o f  i n d i v i d u a l  p l a n t s  ( B i l l i n g s  1978). When removal o f  an i n d i v i d u a l  
species a l t e r s  species i n t e r a c t i o n s  and changes popu la t ion  dynamics, then 
energy f l o w  and chemical n u t r i e n t  c y c l i n g  o f  a community o r  ecosystem a l so  are  
a l t e red ,  thus s e t t i n g  the  stage f o r  changes i n  community s t r u c t u r e  t h a t  pos- 
s i b l y  cou ld  be i r r e v e r s i b l e  ( t a b l e  16) (Guderian and Kueppers 1980). The 
problem, once the  changes have occurred o r  are occurr ing,  i s  t o  discover what 
caused t h e  changes. Because o f  lack o f  data (moni tor ing data i n  p a r t i c u l a r ) ,  
we are l e f t  w i t h  hypotheses ( t a b l e  17). 

Surveys made i n  1982 g i ve  q u a n t i t a t i v e  evidence o f  spruce dec l i ne  i n  
stands throughout t h e  Appalachian Mountains from New Hampshire and Vermont t o  
North Caro l ina  (Johnson and Siccama 1983). Red spruce (Picea -- rubens Sarg. ) 
i s  t he  most c h a r a c t e r i s t i c  species o f  t he  subalpine coni ferous fo res ts  t h a t  
occupy the  h igher  peaks and r idges  o f  t he  Appalachian Mountains from Maine t o  
North Caro l ina  and Tennessee. I n  t he  North, balsam f ir [(Abies balsamea (L.) 
M i l  1. ) ]  i s  commonly present  as a codominant species, whereas Fraser f ir [(A.  
f r a s e r i  (Pursh) Po i r . ) ] ,  a  c l o s e l y  r e l a t e d  species, i s  t he  codominant i n  t h e  

Adams and others 1985). 

I n  t he  h igh  e l e v a t i o n  f o r e s t s  o f  New York, Vermont, and New Hampshire, 
r e d  spruce has shown marked dieback and a l a rge  reduct ion  i n  basal area and 
densi ty .  Spruce m o r t a l i t y  has occurred r a t h e r  evenly regardless o f  t r e e  s ize ,  
v a r i e t y  o f  stand composit ion, and growth on a v a r i e t y  o f  s o i l s .  Red spruce 
dieback was observed i n  subs tan t i a l  areas o f  Vermont and New Hampshire i n  t he  
1950's and 1960's. The areas were s tud ied  t o  determine the  cause. No pr imary 
pathogens o r  i n s e c t  i n f e s t a t i o n  were observed on the  t rees.  Fungal pathogens 
present  (Polyporus boreal  i s ,  Fomes * ' , and A r m i l  l a r i a  me1 lea)  were those 
whose invas ion  i s  u s u a l l y  t r i g g e r e d  by predisposing agents. Data from long- 
term (1780 t o  1965) t r e e  r i  ng records i nd i ca ted  1 arge- f 1 u c t u a t i  ons i n annual 
growth, b u t  no cons i s ten t  p a t t e r n  o f  d e c l i n i n g  growth (Johnson and Siccama 
1983). 

The red  spruce dieback i s  c h a r a c t e r i s t i c  o f  a s t ress - re la ted  disease. 
These c h a r a c t e r i s t i c s  inc lude the  absence o f  an obvious cause, dieback ( l oss  
o f  f o l i a g e  beginning i n  the  crown and progressing over t ime downward and from 
branch t i p s  inward), reduced v igo r ,  and subsequent invas ion  by secondary 
organisms t h a t  normal ly  do n o t  cause subs tan t i a l  i n j u r y  t o  vigorous t rees  (see 
t a b l e  16, 11-3) (Johnson and Siccama 1983; Siccama and others 1982). Spruce 
regenerat ion i s  repor ted  t o  be severely  depressed. 

Hardwood f o r e s t s  a l so  show q u a n t i t a t i v e  decl ine.  There i s  a reduc t ion  i n  
mosses and mycorrhizae, and the  na tu ra l  l i t t e r  decomposition process has been 
a f fec ted .  Seedlings have malformed roo ts ,  and i n  t he  sp r ing  when p l a n t  growth 
i s  most vigorous, the  h i g h l y  a c i d i c  so i  1 n u t r i e n t  s o l u t i o n  conta ins t o x i c  
concentrat ions o f  metals ( K l e i n  1985). Many hypotheses have been suggested 
t o  exp la in  these e f f e c t s  ( t a b l e  17). The m u l t i p l e  s t ress  hypothesis i s  most 
cu r ren t  (Johnson and Siccama 1983; K l e i n  and Perkins 1987). 

I n  the  Southeast, t he  dec l i ne  and m o r t a l i t y  o f  t he  Fraser f i r  i n  the  
Great Smoky Mountains Nat ional  Park, P l o t t  Balsam Mountains, NC, and the  
Black Mountains, which inc lude M t .  M i t c h e l l ,  have been a t t r i b u t e d  t o  i n f e s t a -  
t i o n  by the  balsam woo l ly  ade lg id  (Hain and Ar thur  1985). Results from a 
20-year experimental study o f  Fraser f i r  growing i n  t he  Smoky Mountains 



Table 16. Ecosystem Response to Pollutant Stress 

Stage of Response of Vegetation Response of Ecosystem 

Conti nuum 

O Anthropogenic pollutants 
insignificant 

I Pollutant concentrations low; 
no measurable physiological 
response 

I1 Pollutant concentrations injurious 
to sensitive species 
(1) Reduced photosynthesis, 

altered carbon allocation, 
reduced growth and vigor 

(2) Reduced reproduction 
(3) Predisposition to entomolo- 

gical or microbiological 
stress 

I11 Severe pollution stress. 
Large plants o f  sensitive 
species die. Forest layers are 
peeled off: first trees, tall 
shrubs and, under most severe 
conditions, short shrubs and 
herbs. 

Unaffected; systems pristine 

Ecosystem functions unaffected; 
pollutants transferred from 
atmosphere to organic or 
available nutrient compartments 

Altered species composition; 
populations of sensitive species 
decline; same individuals are lost. 
Their effectiveness as functional 
ecosystem members diminishes; they 
could be lost from the system. 
Ecosystem reverts to an earlier 
stage. 

(1) Simplification, basic eco- 
system structure changes, 
becomes dominated by weedy 
species not previously 
present. 

(2) Reduced stability and produc- 
tivity; loss of capability for 
repairing itself. Runoff in- 
creases, nutrient loss, and 
erosion accelerates; a barren 
zone results. Ecosystem 
col 1 apses. 

Source: Adapted from Bormann (1985) ; Kozl ows ki (1985) ; Smith (1974) ; 

National Park indicate that the balsam woolly adelgid had killed almost all of 
the canopy trees and had reduced basal area i n  two plots established in the 
1960's. Spruce basal area remained about the same for the same period. The 
report does not mention monitoring of atmospheric pollutants or possible 
pollutant-insect interaction or predisposition (Busing and others 1988). 
Recent studies on Mt. Mitchell, however, do not attribute the death of Fraser 
fir solely to the balsam woolly adelgid, but suggest that atmospheric deposi- 
tion and multiple pollutant stresses also have a role in tree mortality (Bruck 
and others 1988; Hain and Arthur 1985). The studies also cited exposure to 
gaseous air pollutants, particularly ozone, and cloud water deposition of 
acidic substances as among the possible stresses having increased host 
susceptibility to attack by the balsam woolly adelgid (Bruck and others 1988; 
Hain and Arthur 1985). 



f a b l e  17.  Some Hypotheses t o  Explain Forest Decline i n  Eastern North America 

Catego~y Wypo"clres-i"s 

MaLural process Synchronous canopy dieback 
Biotic pathogens 
Assorted abiotic stress agents 

Forest stand h i s t o r y  Landscape conversion 
Forest management practices ( e . g . ,  gene t i c  s tock )  
Fcrest fire frequency and i n t e n s i t y  

Antkropogenic s t r e s s  Nitrogen subsidy (e.g. , nitric acid vapor, 
nitrate deposition) 
Direct ozone effects (e .  g. , inhibition o f  
photosynthesis) 

Indirect ozone e f f e c t s  (e. g. , leaching) 
Direct effects o f  hydrogen i o n  deposition 
Indirect e f f e c t  of hydrogen ion deposition 
(e. g. , rhizosphere a1 urninurn t o x i c i t y )  

Deposition s f  sulphur 
D e p o s i t i o n  o f  organics 
Deposition o f  m u l e i p k  pollutants 

(wed and dry depos i t i on )  
Deposition o f  trace elements 
Acid cloud moisture 

M u l t i p l e  factors Site-specific combinat ion o f  assorted natural 
processes, forest stand h i s t o r y ,  and anthropo- 
genic stress 

Adapted from Tay lo r  and Narby (1985)- 

Sol" 1 conditions resul t j n g  From the  depositjon of airborne sul fur- and 
nitrogen-derived chemicals have been hypothesized as having been involved in 
t h e  dieback and decline of red spruce and responsible for t h e  slowdown in 
growth o f  other t r e e s  (sec.  4.4). The deposition of n i t r o g e n  in excess o f  
amounts required for coniferous tree growth as well as the imbalance of  
aluminum and calcium in t h e  f i n e  roots of  t rees  have r ecen t ly  been proposed 
as the cause. Nitrogen i n  excess o f  growth requirements can be detrimental to 
conifers. In e i g h t  reg ions  where f o r e s t  decline has been observed, the 
n i t r a t e  concentrat ion in the soil was an order of magnitude higher  than in 
areas where forest decline has not  ye t  been observed (Waring 1987). Enrich- 
ment of the  soil w i t h  atmospheric nitrogen in excess of growth requi rements  o f  
boreal and subalpine conifers will not necessarily enhance growth, but is 
l i kely t o  cause nutrient imbalances and make conifers more susceptible t o  
drought, other pol 1 utants, and pathogens (Wari ng 1987). An imbalance o f  
calcium and aluminram in the  P i n e  roots o f  "trees reduces the rate o f  wood 
formation, decreases the amount of functional sapwood and l i v e  crown, and 
results i n  large trees being more vulnerable to secondary diseases and insect 
pests (Shsrtle and Smith 1988)- 



In the preceding sec t ions  (4.2.1 to  4.2.7) ,  the authors have discussed 
b o t h  f ie ld  observa t ions  and experimental data dealing with the  e f f e c t s  o f  
ac i d i c  deposition, sulfur dioxide, nitrogen oxides, ozone, and gaseous p o l l u t -  
ant  mixtures on ind iv idua l  trees and seedlings v i a  foliage-mediated response 
mechanisms. Exposure o f  trees t o  sulfur dioxide and ozone in their natural 
habitats has been shown to i n h i b i t  photosynthesis; alter carbon allocation; 
decrease v igo r ;  d i s r u p t  reproduction; change host  susceptibili ty t o  insects, 
pathogens, and mycorrhizal colonization;  and, i n  the final analysis, a f f e c t  
tree growth. Evidence t h a t  ni t rogen oxides  or gaseous pollutant mixtures 
cause growth reductions under ambient cond i t i ons  i s  lacking. 

S u l f u r  dioxide is  emitted from point sources. In the eastern United 
States,  70 percent o f  the emissions are from power plants with t a l l  s l a c k s ,  In 
the summer, residence time in the Midwestern States i s  approximately 2 days. 
During that t ime ,  the plumes from the power plants are l ikely to have been 
transported up t o  1000 km, broadened, and the SO t o  have been transformed 
i n t o  sulfate or t o  have been removed by dry or 6et deposition (Husar and 
Holloway 1983; sec. 3.4). The highest average SO concentrations at rural 
sites i n  eastern North America are i n  t he  Ohio ~ i % e r  Valley wi th  values of 
10 ppb. Average concentrations decrease w i t h  increasing distance from t h i s  
area, reaching approximately 2 ppb in New England and 1 ppb i n  the  South 
(Mueller and Hidy 1983). 

Ozone, on t h e  other hand, i s  a regional gaseous air pollutant (see 
chapter 3. ). I t  affects vegeta t ion  throughout the United States,  impairing 
craps, native vegetation, and ecosystems more than any other a i r  pollutant 
(Dai nes and others 1960; Heck and others 1980; U. 5. Envi ranmental Protection 
Agency 1986). Ozone is episodic and may be transferred long distances. 
During an episode, ozone t rajectories  may cover very large areas. For example, 
an ozone episode covering most o f  a 20-state area occurred Apri l  12-23, 1976 
(Wol f f  and others 1977). During t h i s  e p i s o d e ,  ozone concentrations exceeding 
80 ppb occurred simultaneously across  t h e  Midwest and the Northeastern United 
States.  On the af ternoon of April  12, ozone concentrations i n  excess o f  
80 ppb were measured in Indiana and O h i o  ahead o f  t h e  high pressure system 
that moved o u t  o f  Canada and was centered over Lake Michigan. By the evening 
o f  April 13, the high ozone concentrations (60 t o  80 ppb) observed over 
Indiana and Ohio were advected t o  the East Coast o f  the Mid-At lant ic  States,  
with t rajectories  extending from Ohio t o  New Jersey. The center o f  the h i g h  
pressure system continued to move southeastward, and by the mcrning o f  
April 16 was centered o f f  the coas t  of North Carolina. A t  this time, concen- 
t r a t i o n s  ranging from 60 t o  80 ppb extended from Maine to Virginia and from 
Massachusetts t o  Virginia i n  the Boston t o  Washington corridor (Wol f f  and 
others $977)- 

Additional studies indicate t h a t  two other amone episodes that took place 
d u r i n g  August 1-6 and August 8-14, 1976, exhibited trajectories similar t o  the 
one described above (Wol f f  and others 1980). In both cases, the high pressure 
originated in Canada and moved southeastward i n t o  t he  Midwest. Concentrations 
ranged f rom 30 t o  50 ppb i n  the high as i t  moved i n t o  the U. S. During the 
first or second day t h a t  the center o f  the high was over the Midwest, two 
areas ( the  Midwest and the Northeast Corridor) developed ozone concentrations 
greater than 80 ppb. One area extended from the western shore o f  Lake Michigan 
t o  S t .  Louis ,  across eastern Indiana, Ohio, southeastern Michigan, and 



northwestern Pennsylvania t o  southern Ontar io.  The second area was the  
Washington, D. C. -Boston, MA, c o r r i d o r .  As the  h igh  pressure area pers is ted ,  
t he  two areas merged and the  ozone concentrat ions cont inued t o  r i s e  u n t i l  a  
c o l d  f r o n t  moved down from Canada. Maximum ozone concentrat ions observed 
dur ing  t h e  two August episodes exceeded 200 ppb (Wol f f  and others 1980). The 
second episode va r ied  from the  f i r s t  i n  t h a t  the  t r a j e c t o r y  extended south 
over Lexington, KY. I n  bo th  s tud ies ,  t he  episodes inc luded the  area from West 
V i r g i n i a  and V i r g i n i a  i n  t he  South t o  Maine i n  the  Northeast. Ozone concen- 
t r a t i o n s  i n  t r a j e c t o r i e s  increase when the  a i r  parce ls  pass over urban areas 
where a d d i t i o n a l  ozone i s  present.  For example, i n  the  above episode, an a i r  
parce l  bear ing ozone concentrat ions exceeding 100 ppb added another 100 ppb 
when passing over Ph i lade lph ia  (Wol f f  and others 1980). The above studies 
p o i n t  o u t  t h a t  ozone episodes are no t  an abnormal phenomenon, bu t  can occur 
several t imes dur ing  a s i n g l e  year.  

A l l  ozone episodes are no t  associated w i t h  h igh  pressure systems o r i g i n a t -  
i n g  i n  Canada. Studies o f  ozone episodes made dur ing  J u l y  12-21, J u l y  21-24 
and J u l y  26-30, 1977, i n d i c a t e  t h a t  ozone from the  western coast o f  the  Gu l f  
o f  Mexico a lso  may be t ranspor ted  i n t o  the  Northeast (Wol f f  and L ioy 1980). 
During the  episode o f  J u l y  12-21, 1977, ozone t ranspor t  was associated w i t h  a 
h igh  pressure area over the  Gu l f  o f  Mexico. A i r  parce ls  o r i g i n a t i n g  i n  the  
v i c i n i t y  o f  Texas and Louisiana t r a v e l e d  northeastward through the  Midwest t o  
t he  A t l a n t i c  Coast. The episode t h a t  began on J u l y  12 l a s t e d  u n t i l  J u l y  21, 
w i t h  t h e  area extending from the  Texas-Louisiana Gul f  Coast t o  the  nor theastern 
A t l a n t i c  Coast being exposed t o  ozone concentrat ions averaging 120 t o  130 ppb. 
The h ighes t  concentrat ion o f  328 ppb was observed i n  Connecticut (Wol f f  and 
L ioy  1980). Unl i ke the  J u l y  12-21 episode, the  second and t h i r d  episodes 
were associated w i t h  h igh  pressure systems t h a t  moved down from Canada and 
suppressed the  t r o p i c a l  g u l f  a i r .  The ozone " r i v e r "  reaching from the  Gu l f  
Coast t o  New England t h a t  had come i n t o  ex is tence dur ing  the  J u l y  12-21 
episode was prolonged when the  c o l d  f r o n t s  o f  J u l y  21  and J u l y  23, 1977, from 
Canada moved eastward and o f f  the  A t l a n t i c  Coast. These episodes ~ i m y j t a - ~  
neously exposed nea r l y  two- th i rds  o f  the  Un i ted  States, an area 2 x 10 m i  
(Wol f f and L i  oy 1980). 

The foregoing d iscussion no t  on ly  dep ic ts  the  episodic nature o f  ozone 
exposures, bu t  a l so  po in t s  ou t  the  f a c t  t h a t  a major p o r t i o n  o f  the  Uni ted 
States east  o f  the  M iss i ss ipp i  River  has f o r  many years been f requent ly  
exposed t o  phy to tox i c  ozone concentrat ions. Even though the  understanding 
t h a t  ozone was n o t  j u s t  a l o c a l  problem bu t  could be t ranspor ted  long 
d is tances d i d  no t  develop u n t i  1  dur ing  the  1 9 7 0 ' ~ ~  ozone episodes had been 
occu r r i ng  f o r  some time. Linzon (1960) p o i n t s  ou t  t h a t  by 1957, f o l i a r  i n j u r y  
o f  w h i t e  p ine  had been repor ted  (14 references are c i t e d  by Linzon) throughout 
i t s  range under a v a r i e t y  o f  names, though the  cause o f  the  i n j u r y  was s t i l l  
unknown. F o l i a r  i n j u r y  o f  wh i te  p ine  under the  name o f  "whi te p ine  needle 
b l  i g h t "  was repor ted  a t  the  Petawawa Forest Experiment S ta t ion ,  Chalk River ,  
Ontar io ,  dur ing  the  month o f  J u l y  i n  1957 and i n  J u l y  and September 1958. 
During 6 o f  the  8 years from 1957-1964, f o l  i a r  i n j u r y  was observed on whi te 
pine. Ozone was suspected as a cause o f  the  i n j u r y ,  b u t  attempts t o  e s t a b l i s h  
a d e f i n i t e  r e l a t i o n s h i p  were no t  successful  though ozone concentrat ions 
s u f f i c i e n t  t o  cause "weatherf leck" o f  tobacco were observed (Linzon 1967). 



I n  t h e  southeastern Un i t ed  S ta tes ,  f o l  i a r  i n j u r y  o f  eas te rn  wh i t e  p i n e  
r e s u l t i n g  from ozone exposure a l s o  has been observed f o r  some t ime.  Be r r y  and 
R ipper ton  (1963) r epo r ted  t h a t ,  though i n t e n s i v e  s tud ies  t o  determine t h e  
cause o f  "emergence t i p b u r n "  o f  eas te rn  w h i t e  p i n e  were n o t  begun i n  Pocahontas 
County, WV, u n t i l  1957, many people i n  t h e  same area had been r e p o r t i n g  casual 
observat ions regard ing  t h e  phenomenon f o r  over 20 years.  We now know 
"emergence t i p b u r n "  and "wh i t e  p i n e  needle b1 i g h t "  t o  be v i s i b l e  symptoms o f  
ozone i n j u r y .  Ber ry  (1961) r epo r ted  t h a t  "emergence t i p b u r n  seems t o  be more 
p reva len t  and more damaging i n  t h e  n o r t h e r l y  l a t i t u d e s ,  be ing  very  common i n  
t h e  Nor theastern Un i t ed  S ta tes  and Canada, and r a r e  on wh i t e  p i n e  i n  Georgia."  
Fu r the r ,  Ber ry  c i t e s  t h e  occurrence o f  an ozone episode du r i ng  J u l y  o f  1961 
when he s t a t e s  t h a t  an unusua l l y  h i gh  inc idence o f  "emergence t i p b u r n "  
occurred i n  western Nor th  Ca ro l i na  and "sur round ing  S ta tes . "  I n  o the r  words, 
ozone episodes were o c c u r r i n g  l ong  be fo re  s c i e n t i s t s  became aware, no t  o n l y  o f  
t h e i r  ex is tence,  b u t  o f  t h e  f a c t  t h a t  ozone episodes were caus ing t he  i n j u r y  
observed on wh i t e  p ine .  Hence, beg inn ing  no l a t e r  than  t h e  e a r l y  19501s, bo th  
n a t u r a l  and a g r i c u l t u r a l  ecosystems from t h e  G u l f  Coasts o f  Texas and Lou is iana  
t o  t h e  Midwest and Canada and throughout  t h e  East f rom Nor th  Ca ro l i na  and 
Tennessee t o  Maine have been exposed f o r  many years.  Hayes and S k e l l y  (1977) 
assoc ia ted  i n j u r y  t o  eas te rn  w h i t e  p i n e  a t  t h ree  r u r a l  s i t e s  i n  V i r g i n i a  
between J u l y  1-5, 1975, w i t h  a  h i gh  pressure system over  t h e  Great Lakes and a  
low, Hurr icane Amy, o f f  t h e  A t l a n t i c  Coast. A i r  pa rce l s  bear ing  ozone moved 
from the  Nor theast  and Midwest i n t o  V i r g i n i a .  The episode was d i s s i p a t e d  when 
t h e  c o l d  f r o n t  f rom t h e  Midwest moved across V i r g i n i a  i n t o  t h e  A t l a n t i c  Ocean. 
Since t h i s  t ime,  when ozone episodes have occurred i n  t h e  same reg ion ,  t hey  
have been assoc ia ted  w i t h  meteoro log ica l  phenomena such as c i t e d  above ( S k e l l y  
and o thers  1984). 

Vegetat ion i n j u r y  due t o  ozone was n o t  unknown i n  t h e  eas te rn  Un i t ed  
S ta tes  i n  t h e  19401s,  though i t  was n o t  i d e n t i f i e d  as such u n t i l  1960. An 
unusual p a t t e r n  o f  f o l  i a r  i n  j u r y  o f  many c u l t i v a t e d  crops, ornamental s  , and 
indigenous vege ta t i on  was observed i n  t h e  New Jersey area beg inn ing  i n  1944. 
The i n j u r y  was f r e q u e n t l y  f o l l owed  by p a r t i a l  o r  complete d e f o l i a t i o n  o f  many 
deciduous and con i f e rous  p l a n t s  (Daines and o thers  1960). Ozone was f i r s t  
recognized as t h e  causal f a c t o r  o f  t h e  f o l i a r  i n j u r y  a f t e r  Heggestad and 
Midd le ton  (1959) recognized t h a t  weather f leck  o f  tobacco was due t o  ozone 
i n j u r y .  T h e i r  observat ions i n d i c a t e  t h a t  d u r i n g  an ozone episode i n  October 
1958, concen t ra t ions  a t  B e l t s v i l l e ,  MD as measured w i t h  a  Mast meter reached 
380 ppb on October 9, 500 ppb on October 10, and 430 ppb on October 16, 1958, 
r e s p e c t i v e l y .  Ozone i n j u r y  t o  crops i n  New Jersey du r i ng  t h e  1959 growing 
season, r epo r ted  by Daines and o thers  (1960), i n d i c a t e s  t h a t  another episode 
occurred t h a t  year  du r i ng  t h e  growing season. 

It i s  poss ib l e ,  t h e r e f o r e ,  t h a t  t h e  growth reduc t ions  i n  f o r e s t  t r e e s  
observable today and a t t r i b u t e d  t o  many d i f f e r e n t  f a c t o r s  ( t a b l e  17) a re  t h e  
cumul a t i  ve responses from exposure t o  mu1 t i p 1  e  O3 ep i  sodes t h a t  began many 
years ago. 

Many r e p o r t s  p o i n t  ou t  t h a t  t r e e s  a t  h i gh  a l t i t u d e s  f r e q u e n t l y  a re  
observed t o  more severe ly  i n j u r e d  than  those lower  on t h e  mountain. Th i s  
cou ld  be due t o  O3 exposure because t h e  d i u r n a l  behavior  o f  ozone a t  h i g h e r  
a1 t i t u d e s  r e s u l t s  i n  h i gh  a1 t i t u d e  f o r e s t  ecosystems s u f f e r i n g  g rea te r  ozone 
i n j u r y  than  those a t  1  ower a1 t i t u d e s  (Lefohn and Jones 1986; W o l f f  and o the rs  



1987). Though d a i l y  maximum and midday ozone concent ra t ions  a re  similar a t  
different al t i tudes,  the dosage increases w i t h  height .  Ozone i s  rapidly 
depleted near t h e  surface below the nocturnal inversion layer.  However, 
mountainous s i t e s  above t h e  nocturnal  i n v e r s i o n  layer  do n o t  experience t h i s  
depletion. Therefore, the  t o t a l  exposure t o  ozone i n  mountainous areas can be 
much higher than i n  nearby valleys (see t a b l e  18). Because o f  t h i s ,  several 
consideradions need to be taken i n t o  account when assessjng exp~stdre-response 
rela&ionships o f  fores t  ecosystems a t  h igh  a l t i t u d e s :  

I. Si-&es a t  e l eva t i ons  abwe t h e  raocturaal i n v e r s i o n  layer can be 
exposed t o  higher peak and higher G o b 1  concentrations o f  ozone 
than 5-8" t es  a t  1 owe? e l e v a t i  sns ( M i  l 1 e r  and others 1977; Ma" f 1 e r  
and others 1982; Walff and others 1987). 

2, The maximum ozone concent ra t ions  observed a t  elevated nounta in-  
aus s i t e s ,  as well as a t  many nonmounla7"nous rural and remo'i;e 
s i t e s ,  o f t e n  occur a t  n igh t  (Le fohn  and Jones 1980; WdalFP and 
others 1987). For species such as wh i t e  p i ne ,  i n  which t h e  
stomata remain f u l l y  or  p a r t i a l l y  open a f t e r  dark, t h i s  i s  
p a r t i c u l a r l y  important. 

3. S i t es  a t  higher e l e v a t i o n s  are  o f t e n  exposed t o  sus ta ined  o r  
mu1 t i p l e  peak concent ra t ions  o f  ozone w i t h i n  a g iven  24-hour 
p e r i o d  as t h e  r e s u l t  o f  c o n d i t i o n s  such as (a)  trapping i n v e r -  
s ions;  (b) the successive transport  of ozone from m u l t i p l e  
u rban  sources upwind, e i ther  a l o f t  o r  across te r ra in  devoid  o f  
s u f f i c i e n t  arone scavengers; and (c) t h e  occurrence o f  
mounta in -va l ley  and upslope-downslope Flaws,  such t h a t  t he  
t r a jec tory  o f  an a i r  parcel passes back over the same forest  o r  
stand of t r e e s  ( W o l f f  and o t h e r s  1987). 

Table 18. Comparison of Ozone Data a t  D i f f e r e n t  A l t i t u d e s  and a t  an Urban Area 

7/22/75 3123175 
No. o f  

1-hr max 24-hr mean 1 - k r  max 24-hr mean h r  
P P ~  P P ~  P P ~  P P ~  - >80 ppb 

H i g h  P o i n t ,  500 m 66 49 136 81 13 
H i g h  Po in t ,  300 rn 61 38 118 61 9 
High Po in t ,  140 m 59 26 120 52 9 
Bayonne, N9, sea level 69 33 119 48 7 

High P o i n t  Mountain i s  i n  New Jersey, 

A f t e r  Wsl f f  and others (1987)- 

Most s tud ies  of f o r e s t  ecosystems have mon i to red  only t h e  daylight ozone 
concent ra t ions .  Thus, the reported exposures may no t  represent e i ther  t h e  
number l eng th  o r  magnitude t o  which t h e  forests have been exposed (U.S. 
Envi ronmental Protection Agency 1986).  



The chronic nature of the episodic ozone s t resses  t o  which the emsysdems 
o f  eastern Nor th  America Rave Seen subjected has made i t  d i f f i c u l t  t o  determine 
what changes, i f  any, have resulted f rom them. Some, bu t  n o t  a7 1 ,  eastern 
white pine trees are s e n s i t i v e  t o  ozone. McLaughlin and others (1982) and 
Beno i t  and oGhers (1982) d iv ided  the  spec ies in ta  three categories: sensil i i ie,  
intermediate, and tolerant .  The s e n s i t i v e  members o f  t h e  w h i t e  p i n e  species 
are indicators t h a t  a forest stand, community, o r  ecssystem has been exposed 
t o  ssone, but  do no t  necessarily i n f o r m  scient is ts  whether the ecosystem as a 
whole i s  being af fec ted ,  Many tree species are sensi t ive  to ozone, Davis and 
LdS l hour (11976) used fa1 i a r  i n ju ry  to determine ozone s e n s l " t i v i t y ,  Twenty- 
three species of trees grown in North America were listed as sensit ive and 18 
as intermediate. More recently, Pye (19881, using experimental data on seed- 
l i n g s ,  s ta ted t h a t  ozone can reduce photosynthesis and growth o f  43 t r e e  
species and hybrids. 

Given the f a c t  tha t  ozone has been a regional stress fop decades, the 
most sensi t ive  plant species have undoubtedly been removed and supplanLed by 
tolerant  species. Hayes and Skelly (1977) reported tha t  in 1971, 15 sensi t ive  
white pine t rees  were tagged. After 2 years of exposure t o  ambient ozone 
concentrations, 13 had dec l ined i n  health, and a f t e r  3 years of consecutive 
ozone exposure, 6 o f  those 13 were dead. The psssfhi 1 i t y  t ha t  some plan t  
species may have evolved gene t i c  resistance has been prrsposed (Taylor and 
Nsrby 19851, 

Selection f o r  genet ic  resistance has undoubtedly occurred -in urban 
hab i ta t s .  As with many agricultural  crops and some forest  t r ee  species,  trees 
and othgr woody plants t ha t  are  grown in a variety of urban habitats have been 
selected over time for  v iab i l i ty  i n  sLressed environments. Umbaeh and Davis 
(1984) point o u t  tha t  t rees  obtained from commercial nurseries are not l ikely 
t o  represent t h e  f u l l  range of genotypes present in the  wild population of the 
species. The work of Rhoads and others ($980), along w i t h  tha t  o f  Karnosky 
(1981, 19831, suggests t h a t ,  based on f o l i a r  i n j u r y ,  the majority of the 
plants growing d o n g  s t r ee t s  and urban parks, arboreta, remnant woodlots, and 
suburban communities are re la t ively insensit ive t o  O3 exposure. Their relat ive 
insensi t ivi ty  may be the combined resu l t  of genetic selection and physical 
factors affecting stornatal processes. 

Un7ike the ponderosa or Jeff rey pines in the San Bernardins Forest, the 
eastern white pine i s  no t  what has recently been termed a "keystone species," 
one so important t o  i t s  ecosystem tha t  i t s  removal o r  demise will cause the 
c o l  lapse of t h a t  ecosystem (Sunquist 1988). Therefore, ttae demise of  the 
whi te  p i n e ,  as i n  the s i t u a t i o n  cited above, d i d  not  make a readily observable 
impact an the ecosystem. Except f o r  the obse rva t i ons  o f  McClenahen (1978) on 
the subtle changes o c c u r r i n g  i n  fogaests wi-ren exposed t o  pa l l u l i l n t s  Par 
40 years, and L k  experiments sf Dtrchetie and others (1982) t o  determine 
the e f f e c t  o f  ozone exposure on native vegeta t ion  i n  the Blue Ridge, no 
studies have been made i n  the eastern Uni ted States  t o  determine how exposure 
t o  ozone has af fecLed ecosystem components other than trees,  

Had the deaths s f  sensi t ive  easGern white p ine  resulted i n  dieback and 
mortaljly as severe as have the deaths o f  t h e  codominant spru@e and f i r  trees 
i n  the high elevation forests of North Carolina, New Hampshire, and Vermont, 
our  knowledge concernjng the j m p a c h f  ozone on the forest  ecosystems s f  



eas te rn  No r th  America would be much g r e a t e r  today. As i t  i s ,  because we l a c k  
s u f f i c i e n t  data,  we can o n l y  speculate about t h e  changes t h a t  undoubtedly have 
r e s u l t e d  from long- term ozone exposure. 

--The f e r e s t  ecosystems o f  eas te rn  No r th  America a re  i n  t h e  
process o f  change. Decreases i n  growth, dieback, and m o r t a l i t y  o f  c e r t a i n  
t r e e  spec ies have been repo r ted  i n  t h e  h i gh -e leva t i on  f o r e s t s  ecosystems from 
Maine, New Hamsphire, and Vermont south t o  No r th  Ca ro l i na  and Tennessee. 
Dendroecological  s t ud ies  i n d i c a t e  t h a t  t h e  decrease i n  growth o f  f o r e s t  t r e e s  
began d u r i n g  t h e  1950 's  o r  e a r l y  1960 's .  The e x t e n t  o f  f o r e s t  dec l i nes  and 
t h e  f a c t o r s  t h a t  p r e c i p i t a t e d  them, however, a re  quest ions o f  cont roversy.  
The problem i s  e s t a b l i s h i n g  causat ion.  Many hypotheses have been advanced as 
t o  t h e  p o s s i b l e  cause o r  causes. 

A t t r i b u t i n g  t h e  observed growth reduc t ions  t o  a i r  p o l  1  u t i o n  i s  d i f f i c u l t  
because da ta  i n d i c a t i n g  t h e  presence many years ago o f  i n j u r i o u s  concent ra t ions  
o f  p h y t o t o x i c  a i r  p o l l u t a n t s  i s  l ack ing .  O f  t h e  gaseous a i r  p o l l u t a n t s ,  ozone 
i s  t h e  most phy to tox i c .  S u l f u r  d i o x i d e  i n j u r y  t o  vege ta t i on  i s  found most 
f r e q u e n t l y  i n  t h e  v i c i n i t y  o f  s t r ong  p o i n t  sources. Vegetat ion exposure t o  
p h y t o t o x i c  concen t ra t ions  i n  these areas i s  u s u a l l y  o f  s h o r t  du ra t i on .  
(Except ions a re  Wawa and Sudbury, Onta r io ,  T r a i l  B r i t i s h  Columbia, and Copper 
H i l l  Bas in  near Ducktown, TN, where ca tas t roph i c  emissions r e s u l t e d  i n  long- 
term i n j u r y  t o  t h e  ecosystems). N i t r ogen  ox ides have n o t  been measured i n  t h e  
atmosphere i n  concen t ra t ions  s u f f i c i e n t  t o  cause vege ta t i ona l  i n j u r y .  

Ozone i s  a  r eg iona l  p o l l u t a n t  and i s ,  t he re fo re ,  t h e  o n l y  one capable o f  
hav ing exposed t h e  e n t i r e  area where vege ta t i on  i n j u r y  and growth reduc t ions  
have been observed over t h e  p a s t  severa l  years w i t h o u t  l e a v i n g  a t r ace .  
Ozone molecules a re  ephemeral. By-products o f  ozone, un l  i ke r e s i d u a l  s  o f  
s u l f u r  o r  n i t r o g e n  ox ides,  f l u o r i d e s ,  heavy meta ls ,  o r  r ad ionuc l i des ,  a re  n o t  
s e l e c t i v e l y  r e t a i n e d  o r  accumulated i n  any p a r t i c u l a r  components o f  t h e  
ecosys tem. 

L i m i t e d  mon i t o r i ng  o f  SO and NO concent ra t ions  i n  t h e  Eastern Un i ted  
S ta tes  d i d  n o t  beg in  u n t i l  1&9 o r  1%0, w h i l e  v a l i d  ox i dan t  da ta  d i d  n o t  
become a v a i l a b l e  u n t i l  1964 and then  o n l y  f o r  c e r t a i n  l a r g e  c i t i e s .  However, 
emiss ion t rends  da ta  i n d i c a t e  a sharp inc rease  f o r  SOx and NO beg inn ing  i n  
t h e  l a t e  1940's.  Increase i n  ozone concent ra t ions ,  f u e l e d  by fa rge-sca le  
emissions t h a t  began d u r i n g  World War 11, p robab ly  s t a r t e d  i n  t h e  l a t e  1940 s  
even though data do n o t  e x i s t  t o  i n d i c a t e  t h i s .  C i r cums tan t i a l  evidence 
suggests t h a t  t h e  ecosystems o f  eas te rn  No r th  American have been sub jec ted  t o  
ep i sod i c  p h y t o t o x i c  concen t ra t ions  o f  ozone s i m i l a r  t o  those c i t e d  below f o r  
a t  l e a s t  30, p o s s i b l y  40 years.  

Typ i ca l  ozone episodes i n  t h e  Eastern Un i t ed  S ta tes  a re  assoc ia ted  w i t h  
h igh-pressure systems which o r i g i n a t e  o u t  o f  Canada and move southeastward 
i n t o  t h e  Midwest enroute t o  t h e  A t l a n t i c  Coast. Ozone t r a j e c t o r i e s  du r i ng  an 
episode may cover very  l a r g e  areas. For example, an episode cove r i ng  most o f  
a  20-s ta te  area occurred A p r i l  12-23, 1976. Dur ing  t h i s  episode, ozone 
concent ra t ions  exceeding 80 ppb occur red  s imul taneously  f rom t h e  Midwest 
across t o  t h e  A t l a n t i c  Coast and i n t o  t h e  nor theas t .  A d d i t i o n a l  s t ud ies  
i n d i c a t e  t h a t  two o t h e r  ozone episodes, each l a s t i n g  one week and e x h i b i t i n g  
t r a j e c t o r i e s  s i m i l a r  t o  t h e  one mentioned above, t ook  p l ace  d u r i n g  August, 
1976. Maximum concent ra t ions  measured d u r i n g  t h e  two August episodes were 
200 ppb. 



The f o l l o w i n g  year there  were th ree  episodes, J u l y  12-21; J u l y  21-24 and 
J u l y  26-30, 1977. The l a s t  two, l i k e  the  1976 episodes, were associated w i t h  
high-pressure systems o r i g i n a t i n g  i n  Canada, bu t  the  f i r s t  episode o r i g i n a t e d  
i n  the  Texas-Louisiana area and formed "a r i v e r  o f  ozone" "from the  Texas Gu l f  
Coast through the  Midwest t o  the  A t l a n t i c  Coast. The h ighest  concentrat ion 
o f  328 ppb was observed i n  Connecticut. Ozone concentrat ions i n  t r a j e c t o r i e s  
increase as a i r  parce ls  pass over urban areas where add i t i ona l  ozone i s  
present.  There a l so  have been repo r t s  f o r  many years o f  ozone episodes 
o r i g i n a t i n g  i n  the  Washington-Philadelphia area and moving westward and south 
across West V i r g i n i a  and V i r g i n i a  down i n t o  the  Carol inas. 

Published repo r t s  o f  f i e l d  observat ions support the  view t h a t  ozone 
episodes have been occur r ing  f o r  a t  l e a s t  40 years. Vegetat ion i n j u r y  i n  t he  
eastern Un i ted  States r e s u l t i n g  from ozone was f i r s t  observed i n  the  19401s, 
though i t  was not  recognized as such u n t i l  1960. Beginning i n  1944, an 
unusual p a t t e r n  o f  f o l  i a r  i n j u r y  o f  many c u l t i v a t e d  crops, ornamentals, and 
indigenous vegetat ion was observed i n  t he  New Jersey area. I n j u r y  was 
f requen t l y  fo l lowed by p a r t i a l  o r  complete d e f o l i a t i o n  o f  many deciduous and 
coni ferous species. Ozone was f i r s t  recognized as the  causal f a c t o r  a f t e r  
Heggestad and Middleton i n  1960 repor ted  t h a t  weather f leck o f  tobacco observed 
dur ing  the  1958 growing season i n  Be1 t s v i  1  l e ,  MD was due t o  ozone. Ozone 
i n j u r y  o f  crops i n  New Jersey a l so  was observed dur ing  the  1959 growing 
season, 

F i e l d  observat ions a l so  suggest t h a t  oxidant- induced i n j u r y  o f  vegeta t ion  
has been occur r ing  i n  the  Appalachian Mountains f o r  many years. Studies o f  
f o r e s t  dec l i ne  o f  eastern wh i te  p ine  i n  an area cover ing several hundred 
square m i  1  es o f  the  Cumber1 and P l  ateau o f  East Tennessee i n the  1950' s  
concluded t h a t  u n i d e n t i f i e d  atmospheric cons t i tuents  were the  cause. I n  
add i t i on ,  people l i v i n g  i n  Pocahontas County, WV i n  1957 had been r e p o r t i n g  
casual observat ions o f  v i s i b l e  ozone i n j u r y  o f  eastern wh i te  p ine  f o r  more 
than 20 years. 

Forest ecosystems a t  h igh  a l t i t u d e s  can s u f f e r  g rea ter  ozone i n j u r y  than 
those a t  lower a l t i t u d e s  due t o  the  d iu rna l  behavior o f  ozone. Though d a i l y  
maximum and mid-day ozone concentrat ions are s i m i l a r  a t  d i f f e r e n t  a l t i t u d e s ,  
t he  dosage increases w i t h  height .  Ozone i s  r a p i d l y  depleted near the  sur face 
below the nocturnal i nve rs ion  l aye r ;  however, mountainous s i t e s  above the  
nocturnal i nve rs ion  l a y e r  do no t  experience t h i s  dep le t ion .  Therefore, the  
t o t a l  exposure t o  ozone i n  mountainous areas can be much h igher  than i n  nearby 
va l l eys .  Maximum ozone concentrat ions observed a t  e levated mountainous s i t e s ,  
as we l l  as nonmountainous r u r a l  and remote s i t e s  o f t e n  occur a t  n igh t .  I n  
add i t i on ,  s i t e s  a t  h igher  e leva t ions  are o f t e n  exposed t o  sustained o r  
m u l t i p l e  peak concentrat ions o f  ozone w i t h i n  a g iven 24-hour per iod.  When 
assessing exposure-response re la t i onsh ips  o f  f o r e s t  ecosystems a t  h igh  
a l t i t u d e s  these considerat ions need t o  be taken i n t o  account. Most s tud ies  
o f  f o r e s t  ecosystems have monitored on ly  the d a y l i g h t  ozone concentrat ions. 

An add i t i ona l  f a c t o r  t h a t  makes determining the e f f e c t s  o f  p o l l u t a n t  
s t ress  on ecosystems d i f f i c u l t ,  i s  t h a t  mature ecosystems are no t  completely 
s tab le ,  bu t  mainta in themselves i n  an o s c i l l a t i n g  steady s ta te .  Severe 
compet i t ional  among t rees  f o r  l i g h t ,  water, and mineral n u t r i e n t s  r e s u l t s  
i n  the  e l i m i n a t i o n  o f  o l d  and suppressed t rees  and the  a d d i t i o n  o f  new ones. 



The elimination of the t rees  most susceptible t o  competitional s t resses  i s  
accelerated by additional and severe periodic s t resses  such as drought, 
f l  oodi ng , f i  re and attacks by i nsects or d i  sease-causi ng organisms. Succes- 
sion r e su l t s ,  causing changes within an ecosystem. T h e  e f fec t s  of natural 
s t resses  upon ecosystems, unless they are  catastrophic (e. g.  , f i r e ,  f l ood ,  o r  
wi ndstorm) are frequently di f Fi cul t to  determi ne, 

Pollutant s t resses ,  regardless o f  whether they are foliage or soil  
mediated, are superimposed upon naturally occurring s t resses  and may 
a ~ c e l e r a t e  the processes of change a7 ready underway in ecosystems. Gaseous 
pollutant s t resses ,  whether severe episodic s t resses  (one or more days o f  
acute high exposure) o r  long-term chronic s t resses ,  occur chiefly through the 
fol iage. 

Ozone i s  known to  impair the growth of agricultural  crops, and of native 
vegetation in ecosystems throughout the United States ,  more than any other a i r  
pol 1 utant. Exposure of vegetation to  ozone inhibi ts  photosynthesis, al t e r s  
carban allocation and interferes  with mycorrhizal formation in t ree roots. 
Disruption of these important physiological processes can suppress the growth 
of t r e e s ,  shrubs, and herbaceous vegetation by decreasing the i r  capacity t o  
form carbon compounds needed for  growth and the i r  ab i l i t y  to  absorb t h e  water 
and nutrients they require for  l i f e  from the  s o i l .  In addition, lass  of v i g o r  
increases suscept ibi l i ty  of t rees  t o  insect  and pathogens and reduces t he i r  
capabi l  i  t y  to  reproduce. 

I t  i s  not possible t o  s t a t e  unequivocally what the e f fec t s  of airborne 
pollutant chemicals on forest  ecosystems have been. Stresses on t rees  from 
these pollutants have been both above ground through the foliage and through 
the s o i l .  The responses of decreased growth, dieback and mortality observed 
a t  the present time in the forests  of eastern North America are the resul t  of 
long-term pollutant exposures and other multiple s t resses  upsn individual 
t rees  and other perennial species. The e f fec t s  of continuing pollutant 
s t resses  are cumulative and appear as growth responses. Growth responses take 
time. Such responses in perennial woody plants usually are not observable 
during the year they occur b u t  often require a generation. This i s  
par t icular ly  true of injury result ing from repeated acute episodic ozone 
exposures because there i s  time for recovery between peaks. I t  i s  possible, 
therefore,  tha t  the growth reductions in forest  t rees  observable today in the 
eastern United States and at t r ibuted to  many different  factors are the resu l t  
of physiological changes t o  which episodic ozone exposures tha t  began many 
years ago were a major contributor. 
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